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ABSTRACT 
Tube sampling techniques cause disturbance to clay soils. This disturbance can be 
significant, such that the behaviour of the soil measured in the laboratory can differ 
from its behaviour in situ. An engineer will solve foundation problems using results 
from laboratory tests. It is therefore imperative that the engineer has an awareness 
of in what way, and to what extent, the clay soil has been affected by the sampling 
process. 
"Ideal sampling" is an idealisation of the sampling process used to investigate the 
effects of tube sampling on clay soils. The idealisation is based at present on a solution 
to the strains imposed on a sample by a tube sampler termed the "simple sampler" 
solution. The simple sampler has a simplified profile including a rounded tip. This 
work presents finite element results which indicate that the simple sampler solution 
over-predicts strains imposed on samples, compared with those likely to be imposed 
by real sample tube geometries. 
In this work the ideal sampling idealisation has been successfully applied exper-
imentally to a lightly overconsolidated natural Bothkennar clay and an overcon-
soli dated reconstituted London clay. The Bothkennar clay samples were obtained 
using the large-diameter Laval tube sampler and the down-borehole Sherbrooke 
block sampler. The London clay samples were obtained using slurry techniques, with 
further consolidation and swelling in the triaxial cell. All experiments were conducted 
using four-inch diameter triaxial specimens, with local axial and radial strain 
measurement, and mid-plane pore pressure measurement. The stress path system 
used, had the facility for partial or full computer control, and was developed to include 
deformation control. 
The experimental results indicate that ideal sampling causes destructuring of the 
natural Bothkennar clay, associated with reductions in mean effective stress and 
undrained stiffness and strength. The results indicate that ideal sampling causes 
relatively little disturbance to overconsolidated reconstituted London clay, compared 
with normally consolidated reconstituted London clay. 
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CHAPTER} 
INTRODUCTION 
1.1 GENERAL 
For foundation prohlems in clay soils, the geotechnical engineer is concerned with 
the stability and deformations of strata. Foundation problems include the design of 
piled and raft foundations. cuttings. trenches. embankments. and retaining structures. 
To solve these foundation problems the geotechnical engineer will require a 
knowledge of the type. extent and behaviour of the clay soil under investigation. Thus 
there will need to be some form of description of the soil and investigation of its 
behaviour. Description and investigation of the soil can take place by exposing and 
testing the soil in situ. This approach suffers from a number of disadvantages. such 
that it is not an entirely satisfactory procedure. These disadvantages include poorly 
defined boundary conditions in terms of stresses and deformations. and uncertain 
drainage conditions of the clay soil under investigation (Jamiolkowski. Ladd. Ger-
maine and Lancellotta. 19X5). The alternative approach entails descrihing and 
investigating a soil sample in the laboratory. having previously retrieved it from the 
ground using some form of sampling procedure. In the laboratory the stresses. 
deformations and boundary conditions can be more readily and accurately controlled 
and observed (Jamiolkowski et aI., 19X5). Therefore the sampling approach is widely 
adopted. 
The sampling procedure. in broad terms, consists of a number of different stages. 
Initially, a hole will be excavated or drilled to the desired sampling depth. The soil 
stratum is then sampled using some form of mechanical device. The soil sample is 
then brought to the surface and transported to the laboratory. where it is tested. The 
inherent problem with the sampling approach is that the process disturbs the clay 
soil sample. This disturbance can be significant, such that the behaviour of the soil 
in the laboratory differs greatly from il~ behaviour in situ. The significance of the 
disturbance of the clay soil depends on many factors including the type of clay, the 
method of sampling, sealing, storage, and specimen preparation and testing pro-
cedure. The geotechnical engineer will predict the behaviour of the ground and 
foundations based on soil parameters obtained from the laboratory investigation of 
the sampled soil. It is therefore imperative that the geotechnical engineer has an 
awareness of the way in which. and the extent to which the parameters being used 
have been affected by the sampling process. 
1.2 08JECTIVES OF THE PRESE:\. \\'ORK 
Essentially. there have been two approaches to investigating the effects and impli-
cations of sampling clay soils. The first hao; been to use different types of sampling 
methods on a particular type of clay soil. The parameters for the clay specimens 
obtained with the different sampling methods are then compared. and the sampling 
techniques which cause the least disturbance are taken as those to be used. This 
procedure is then repeated for other types of clay soil. One of the problems with this 
approach is that there are many variahles involved. and it is difficult to isolate the 
form of disturhance that is occurring at anyone stage in the sampling process. The 
second approach hao; arisen as a result of greater understanding of the mechanisms 
ao;sociated with ohtaining and testing a clay soil. This approach is hased on idealising 
the sampling process under controlled conditions in the lahoratory. The advantage 
of this approach is that the effects of different stages of the samplin~ process can he 
investigated individually. Inherent in this approach. however, is the validity of the 
understanding of the mechanisms associated with the sampling process. 
At present. the two main mechanisms considered in the sampling idealisation are 
stress relief and tuhe sampling strains. Stress relief is the release of the magnitude 
of the in-situ deviatoric stress to zero. and is termed "perfect sampling" (Skempton 
and Sowa. 19(3). Tuhe sampling strains are hased on an analytical solution to the 
strains imposed on a clay soil hy a tube sampler, presented hy Baligh (19M5). Thc 
sampling process is then idealized to that of the strains imposed by a tube sampler 
together with stress relief, and is termed "ideal sampling" (Baligh et al.. (19M7). lllc 
profile of the sample tuhe modelled hy Baligh (19M5) had a simplified profile with a 
rounded tip and was termed the "simple sampler". Its simplified profile. however. 
cao;ts doubt on whether the solutions presented hy Baligh (19H5) were valid for real 
tuhe samplers (La Rochelle, Leroueil and Tavenao;, 19M7). Because of this, Siddique 
(1990) used finite element techniques to ohtain the strains imposed hy tuhe samplers. 
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where the exact geometry of the cutting shoe and tube could be modelled. Finite 
element techniques are numerical approximates and as such do not give exact sol-
utions. However, Siddique (1990) did not bench-mark his solutions against those 
obtained by Baligh (1985), therefore the validity of the results obtained by Siddique 
(1990) is questionable. The first objective of this research is therefore to investigate 
the validity of the results obtained by Siddique (1990), by bench-marking his 
numerical solutions against the analytical solutions presented by Baligh (1985). 
The ideal tube sampling idealisation has been used to investigate the effects of tube 
sampling on normally consolidated reconstituted clays, by both Baligh et al. (1987) 
and Siddique (1990). It has also been used to investigate a normally and overcon-
solidated (OCR=2.5) natural clay by Lacasse and Berre (1988), but with recon-
solidation beyond yield, and an overconsolidated (OCR=4) reconstituted clay by 
Hajj (1990). Structure has an important effect on the behaviour of natural clays 
(Leroueil and Vaughan, 1990). Ideal tube sampling, however, has not previously been 
applied to any natural clays where structure is as far as possible left intact. The second 
objective of the research is therefore to investigate the effects of tube sampling using 
the ideal tube sampling technique on a natural clay. Hajj (1990) in his experiments, 
applied a reconsolidation path after the ideal tube sampling, which appears to have 
removed the effects due to the ideal sampling. The result of this is that the effects 
of the ideal tube sampling are in the end not known. The third objective of this 
research is therefore to investigate the effects of ideal tube sampling on an over-
consolidated reconstituted clay, without using any reconsolidation techniques which 
might remove any effects due to the ideal tube sampling. 
1.3 mE RESEARCH SCHEME 
The objectives of the present work have been presented in the preceding section, 
and can be summarized as follows: 
1) to investigate the validity of the numerical results presented by Siddique (1990), 
by bench-marking them against the analytical results presented by Baligh 
(1985); 
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2) to investigate the effects of tube sampling, using the ideal tube sampling 
idealisation, on a natural clay; and 
3) to investigate the effects of tube sampling, using the ideal tube sampling 
idealisation, on an overconsolidated reconstituted clay. 
As part of the research, the curren~ understanding of sample disturbance for clay 
soils has been reviewed. The research scheme adopted to complete the first of the 
above objectives can be summarized as follows: 
1) to obtain an analytical solution for the strains imposed on a tube sample as 
predicted by the simple sampler, which is comparable with the solution pres-
ented by Baligh (1985), where the profile ofthe simple sampler can be obtained; 
and 
2) to model the profile of the simple sampler using the same numerical finite 
element techniques used by Siddique (1990), and to compare these numerical 
results with the analytical solution. 
The research scheme adopted to complete the second of the above objectives can 
be summarized as follows: 
1) to obtain high quality samples of natural clay (which for this research were 
lightly overconsolidated Bothkennar clay samples obtained with the 
large-diameter Laval tube sampler (La Rochelle, Sarrailh, Tavenas, Roy and 
Leroueil, 1981), and the down-borehole Sherbrooke block sampler (Lefebvre 
and Poulin, 1979»; and 
2) to investigate the effects of the ideal tube sampling idealisation on these 
samples, by testing 102mm diameter triaxial specimens, using a fully automated 
stress path system with the facility for stress and deformation control, mid-plane 
pore pressure measurement, and local axial and radial strain measurement. 
The research scheme adopted to complete the third of the above objectives can be 
summarized as follows: 
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1) to obtain samples of reconstituted overconsolidated London clay (which for the 
this research were obtained using slurry techniques, in a one-metre diameter 
hydraulic consolidation tank, with further consolidation and swelling in the 
triaxial cell); and 
2) to investigate the effects of the ideal tube sampling idealisation, on these 
samples, by testing 102mm diameter triaxial specimens, using a partially 
automated stress path system with the facility for stress and deformation control, 
mid-plane pore pressure measurement, and local axial and radial strain 
measurement. 
1.4 THESIS LAYOUT 
A review of sample disturbance for clay soils is presented in Chapter 2. This review 
describes the character and behaviour of clay soils, and the mechanisms and cause 
of sample disturbance. The effects of sample disturbance, and methods for assessment 
and correction of these effects are also considered. 
Chapter 3 outlines, the method used, in this research, to obtain the analytical solution 
to the simple sampler. Also presented is the numerical finite element analysis of the 
profile of the simple sampler. 
The experimental techniques used for investigating the effects of sample disturbance 
on the lightly overconsolidated natural Bothkennar clay, and the overconsolidated 
reconstituted London clay are presented in Chapter 4. The soil type, test programme 
and typical test results are presented in Chapter 5, with the remainder of the results 
attached in Appendices. 
All the results from the analytical, numerical and experimental work are discussed 
in Chapter 6, with reference to their effects and implications for sampling clay soils. 
Finally the conclusions and recommendations for further study are presented in 
Chapter 7. 
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CHAPTER 2 
SAMPLE DISTURBANCE: A REVIEW 
2.1 INTRODUCfION 
This chapter presents a review of the current understanding of sample disturbance 
for clay soils. In order to understand the effects of sample disturbance, a basic 
framework of the behaviour of clay soils is established. The framework distinguishes 
between reconstituted and natural clay soils (Burland, 1990), and emphasises the 
importance of structure in natural clay soils (Leroueil and Vaughan, 1990). 
The present knowledge on the cause of sample disturbance on clay soils due to the 
entire sampling procedure is reviewed. The individual mechanisms associated with 
sample disturbance such as changes in stress conditions, imposed strains and voids 
ratio changes are introduced. The different stages of the sampling process, such as 
the boring of the hole, the sampling stage, the sealing, the transportation, and the 
specimen preparation and testing stages are presented. For each stage of the sampling 
process the individual mechanisms that are causing sample disturbance are described. 
The effects of sample disturbance on the mechanical behaviour of clay soils, is dis-
cussed both qualitatively and quantitatively. The effects of sample disturbance are 
discussed in terms of the use of direct comparisons between different sampling 
techniques, and in terms of the idealisations of sample disturbance currently used in 
research. The existing methods for assessing and correcting for sample disturbance 
are also examined. 
2.2 A FRAMEWORK FOR CLAY SOIL BEHAVIOUR 
In order to investigate and understand the effects of sample disturbance on clay soils, 
it is necessary to establish a framework for the behaviour of clay soils. The behaviour 
of a clay soil refers to how the clay soil reacts to variations in the imposed stresses 
or strains. In this section the behaviour is described in very general terms. When 
referring to clay soils, it is necessary to distinguish between clay soils which have been 
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deposited naturally in situ, and those which have been formed artificially in a lab-
oratory environment (Burland, 1990). These two types of clay soil are termed natural 
clays and reconstituted clays respectively. A reconstituted clay is one which has been 
remoulded at a water content of between one and one and half times the liquid limit, 
without air or oven drying, and then consolidated under one-dimensional conditions. 
The normal consolidation of a naturally occurring clay is considered to be as shown 
in Figure 2.1, which has been modified from Leroueil and Vaughan (1990). During 
deposition, as the stresses increase, the void ratio decreases following a one-di-
mensional consolidation curve a-a. At the end of deposition the vertical effective 
stress is (J ~ / and the voids ratio is e /. The corresponding yield curve is given by)' /. 
As deposition is one-dimensional, the yield curve (Y' /) is centred around the K ° line 
and is elliptical in shape (Parry and Nadarajah, 1973a, and 1973b, Tavenas and 
Leroueil, 1977, lamiolkowski et al., 1985, and Atkinson, Richardson and Robinson, 
1987). A yield envelope centred around theK 0 line for natural clays is in contrast to 
the original Cam-Clay model (Roscoe, Schofield and Wroth, 1958, Atkinson et al., 
1987, and Thevanayagam and Prapaharan. 1989), which is centred around the iso-
tropic consolidation line. This is due to the fact that the model is based on the 
behaviour of isotropically consolidated reconstituted clays. Secondary consolidation 
follows, which by definition infers no change in effective stress. This secondary 
consolidation, or ageing, causes both a decrease in the voids ratio, frome / toe o, and 
an apparent increase in the preconsolidation stress, from a ~ / to (J ~ B. Secondary 
consolidation causes not only an apparent increase in the preconsolidation pressure, 
but also an expansion of the yield curve from Y / to Y B (Tavenas and Leroueil, 1977), 
and an increase in the undrained shear strength. The yield curves Y / and Y B for the 
un-aged and aged conditions respectively, are completely determined by the friction 
angle cp' and the one-dimensional consolidation stresses (J ~ / and (J ~ B (Tavenas and 
Leroueil, 1977). As a consequence, the yield curves for the un-aged and aged 
conditions are homothetic and can be normalized with respect to the one-dimensional 
consolidation stresses (Tavenas and Leroueil, 1977). In the Cam-Clay model the yield 
curves are also homothetic, but are normalized with respect to the isotropic con-
solidation stresses rather than the one-dimensional consolidation stresses. Therefore 
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if soil models are used to predict the behaviour of natural clays, they must be based 
on the behaviour of clay soils which have been consolidated under one-dimensional 
conditions (Atkinson et al., 1987). 
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Figure 2.1: Normal Consolidation of Clay Soils, Mter Leroueil 
and Vaughan (1990). 
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The ageing of natural clay refers to a time period for secondary consolidation 
measured in years. When referring to aged reconstituted clays, however, the time 
period allowed for secondary consolidation is normally being measured in days 
(Hight, Jardine and Gens, 1987). Apart from this variation, it is inferred that no 
difference in the physical make-up and behaviour, exists between natural and 
reconstituted clays, as long as the mode of deposition in the laboratory is the same 
as that in situ. 
Leonards and Altschaeffl (1964) artificially sedimented clay deposits under one-di-
mensional conditions, where the rate of consolidation was varied. The clay was 
dispersed in water, and then load was applied at rates varying between 4 and 0.02 
kPa/day. The fastest rate was chosen to ensure that there was no build up of excess 
pore pressures. The slowest rate was chosen to simulate a deposition environment 
encountered in the formation of river deltas. Leonards and Altschaeffl stated that 
this rate of consolidation was still several orders of magnitudes faster than the rate 
at which a sedimentary deposit is built up. The results indicated that the compress-
ibility of the artificial clay deposit decreased as the rate of load application decreased. 
Leonards and Altschaeffl postulated that this was due to the random orientation of 
particles with edge to face contacts, and the formation of bonds between particles. 
This characteristic of the clay formation is termed structure, and accounts for the 
higher resistance to consolidation stresses found in clay deposited under a slow rate 
of load application. Delage and Lefebvre (1984) have used scanning electron 
microscopy and mercury intrusion porosimetry, to identify the structure of a medium 
sensitivity clay. Quigley (1980) discussed the fabric (Rowe, 1972), and structure of 
Canadian soft soils in terms of their geology, mineralogy and geochemistry. Quigley 
concluded that the differing processes of sedimentation found in nature has dra-
matically influenced the characteristics of clay soils. 
The effect of structure on clay soils during normal consolidation, is considered to 
cause a further increase in the preconsolidation pressure, as shown in Figure 2.1. 
Therefore the increase from point B to point P, at approximately constant voids ratio, 
is due to structure, and the consolidation curve a' -a' represents the sedimentation 
consolidation curve for the natural clay soil. Structure causes a further expansion of 
the yield curve fromY B toY p. However, Leroueil and Vaughan (1990) stated that 
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the expansion of the yield curve due to structure may not be homothetic, in contrast 
to that due to ageing. The yield curve for the structured or natural clay soil has a 
failure envelope which exists outside of the failure envelope for the clay soil with no 
structure. Structure in a natural clay soil is associated with both a higher undrained 
peak strength, and a higher stiffness compared to the aged reconstituted clay soil. If 
stress greater than the pre consolidation pressure (point P) is applied, then the 
consolidation curve P-C will be followed. This is associated with a break-down or 
destructuring of the structure of the clay soil, and the original normal consolidation 
curve a-a will be followed (Leroueil and Vaughan, 1990, and Burland, 1990). In this 
case where destructuring causes a decrease in voids ratio the yield surface OJ" p) 
returns to the yield surface and failure envelope associated with the original normal 
consolidation curve (>" c) (Leroueil, Tavenas, Brucy, La Rochelle and Roy, 1979, and 
Leroueil and Vaughan, 1990). Leroueil and Vaughan (1990) stated that destructuring 
of a clay soil can occur not only due to volumetric straining, but also due to shear 
straining. Straining of the structured clay soil at constant voids ratio will cause a 
shrinking of the yield surface from Y p to Y B. Delage and Lefebvre (1984) argued 
that the indications are that destructuring occurs in a progressive manner. 
2.3 MECHANISMS OF SAMPLE DISTURBANCE 
Any sample of cohesive soil being obtained from the ground, transferred to the 
laboratory and prepared for testing will be subjected to disturbance. The mechanisms 
associated with this disturbance can be classified as follows: 
1) changes in stress conditions; 
2) mechanical deformation; 
3) changes in water content and voids ratio; and 
4) chemical changes. 
Changes in stress conditions occur as the total stresses being applied to the sample 
of soil change. In its extreme, this is the relaxation of the total horizontal and vertical 
stresses from their in-situ value, to zero, on the laboratory bench. Mechanical 
deformations are shear deformations applied to the soil sample while the sample 
experiences no change in volume. Changes in water content can be an overall swelling 
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or consolidation of the soil sample, or a redistribution of moisture due to the setting 
up of pore pressure gradients. A change in voids ratio distinct from the above changes 
in moisture content, is associated with the expansion of gases in the soil sample as 
a consequence of relaxation of total stresses. These gases either being free in partially 
saturated soils or in solution in saturated soils. Chemical changes are associated with 
the change in chemical properties of the soil particles, inter-particle bonding or pore 
water. 
These mechanisms can occur at different stages during the process of transferring a 
soil sample from the ground to the laboratory, and during preparation for testing. 
Some of the mechanisms occur very quickly, while others are more time dependent. 
Some of the mechanisms are unavoidable while others can be minimized or even 
eliminated. The magnitude of the mechanisms is not only dependent on the sampling 
processes being used, but also on the type of soil being sampled. The effect of these 
mechanisms can also be different for different soil types. However, the unifying factor 
associated with these mechanisms is that they can change the effective stress state 
in a soil sample. In addition, some of the mechanisms can effect any fabric or structural 
features of the soil sample. 
A geotechnical engineer IS fundamentally concerned with the physical 
stress-strain-strength properties of the soil under investigation. If the effective stress, 
fabric or structural features in a sample of soil are altered during the sampling process, 
then the soil sample in the laboratory will no longer exhibit the same physical 
properties as it would in situ. It is therefore important to understand where, in the 
sampling and testing process, the afore-mentioned mechanisms are occurring, and 
it is necessary to minimise or even eliminate these mechanisms wherever possible. 
Where these mechanisms are unavoidable, however, it is important to know what 
affect, both qualitatively and quantitatively, they have on the physical properties 
being measured. In addition, it is important to establish whether the effects of these 
mechanisms on the physical properties being measured can be assessed and even 
corrected for. 
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2.4 CAUSES OF SAMPLE DISTURBANCE 
There are a number of distinct stages which occur during the process of obtaining a 
soil sample from the ground. These distinct stages are as follows: 
1) the boring/excavation stage; 
2) the sampling stage; 
3) the transportation and storage stage; 
4) the sample preparation stage; and 
5) the testing stage. 
The mechanisms associated with sample disturbance occur because of these different 
stages that a cohesive clay soil sample is subjected to during the sampling process. 
Some of these causes of sample disturbance are operator dependant, some can be 
controlled, while others are unavoidable. The present state of knowledge concerning 
the cause of sample disturbance due to the above stages, is reviewed below. 
2.4.1 Disturbance During Boring/Excavating 
Disturbances occurring during the boring of a borehole or excavation of a trial pit 
are the starting point of sample disturbance. Formation of a hole in the ground 
modifies the stresses, can impose strains, and even lead to failure of the soil at the 
base of the hole. The disturbances are dependant on both the type of boring or 
excavating technique, and the type of soil. 
Auger boring techniques can impose considerable downward thrusts on the base of 
the borehole, and can induce high suction forces during withdrawal. Percussion 
drilling can cause severe remoulding at the base of the borehole, due to the chopping 
action of the boring technique. Hvorslev (1949), and Hight and Burland (1990), stated 
that rotary drilling techniques cause the least disturbance during boring. In soft clays 
rotary drilling, using a fish tail bit and upward baffles, is recommended to prevent 
scour ahead of the bit. British Standards Institution BS:5930 (1981) stated that drill 
rods should be straight, to prevent excessive whip, thus maintaining stability of the 
drill string and upward velocity of the flushing fluid. Water is normally used as the 
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flushing fluid, but drilling muds require a lower flushing velocity, thus reducing scour 
of the soil. Hvorslev (1949), ISSMFE (1965) and Broms (1980) stated that the 
borehole should always be cleaned out before sampling is commenced. BS:5930 
(1981) and Clayton (1986) commented on the importance of ensuring good main-
tenance of equipment, good drilling technique and expert and detailed supervision. 
As the borehole is being advanced considerable downward thrust can be exerted at 
the base of the borehole (Clayton, Simons and Matthews, 1982). The magnitude of 
this thrust is dependent on both the equipment and the operator. It therefore cannot 
be quantified, but should be minimized. Casing may be used in soft to firm clays to 
support the sides of the borehole, or to seal off water entries (Hight and Burland, 
1990). Casing may also be used where drilling fluid may be lost due to fissures 
(BS:5930, 1981). Installation of the casing requires some form of driving energy. If 
the casing is advanced below the bottom of the borehole vertical compressive forces 
will be applied at the base of the borehole. Hvorslev (1949) and Clayton et al. (1982), 
therefore stated that casing should never be advanced below the base of the borehole. 
Excavation of pits or trenches would normally be done with some form of mechanical 
digger. This can exert forces on the soil and Hvorslev (1949) stated that when 
approaching the zone of soil to be sampled, excavation should proceed with caution 
or by hand. 
The formation of a borehole or excavation modifies the stresses in the zone from 
which a sample is to be taken. Below the borehole or excavation there will be some 
form of reduction in the vertical total stresses. Galle and Wilhoit (1962) conducted 
a three dimensional photoelastic study to determine the stress state around the 
bottom of a wellbore. They found that below the base of the well bore there was a 
reduction in vertical total stress up to a depth of one and a half times the diameter 
of the wellbore. This observation is in agreement with an elastic solution to the stress 
state at the bottom of a borehole obtained using finite elements (Hillier, 1992). These 
solutions are all for K 0 = 1 conditions, and a dry borehole. Hvorslev (1949) stated 
that this reduction of vertical stress can induce plastic flow of the soil into the 
borehole. Visible distortions associated with this plastic flow can extend up to depths 
of three times the outside diameter of the borehole. When sampling in an excavation, 
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the zone of soil subjected to stress relief is large. The excavation must be kept dry 
for accessibility, and Hvorslev (1949) stated that there is therefore greater danger of 
plastic flow occurring in the bottom of an excavation. 
A reduction in total stresses will cause a change in pore pressure. The magnitude of 
the change in pore pressure will depend on the change in stress, type of soil and stress 
history. This was given by Skempton (1954) in terms of the pore pressure coefficients: 
The changes in vertical and horizontal stress below the centre-line of a borehole 
taken from Galle and Wilhoit (1962) are shown in Figure 2.2. The corresponding 
changes in pore pressure for a fully saturated soil (B = I) under isotropic conditions 
behaving in an elastic manner (A = I /3), is also shown. This condition implies no 
change in effective stress. However, as A varies with soil type and stress history, the 
change in pore pressure will normally cause a change in effective stress. Figure 2.2 
does indicate that substantial pore pressure gradients, to a depth of one borehole 
diameter, can be set up below the borehole. These pore pressure gradients will lead 
to the movement of pore water. For this elastic solution, soil adjacent to the bottom 
of the borehole or excavation will swell. The rate of movement of pore water is 
dependant on the magnitude of the pore pressure gradient, the soil permeability and 
fabric (Rowe, 1972), and the presence of any other local source of water. 
When boring in clays, mud or water balance is often used. Vertical total stress changes 
can be significantly reduced, thus pore pressure changes and gradients due to stress 
relief will be reduced. The use of mud or water, however, provides a local source for 
wetting of the soil at the base of the borehole. Hvorslev (1949) recommended that 
when boring above the ground water level, the borehole should preferably be kept 
dry, but might be filled with drilling fluid rather than water. In soft clays below the 
ground water level, water or drilling fluid should be used. But in stiff clays the borehole 
should be kept dry. Clayton et al. (1982) stated that if the borehole is kept dry then 
there is likely to be more swelling than if water is used, because the total stress relief 
is greater. Hvorslev (1949) commented that swelling in clays may take considerable 
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Figure 2.2: Stress Changes Below the Bottom of a Borehole, Modified 
From Galle and Wilhoit (1962). 
time for full development. It can therefore be concluded that some form of fluid 
balance in soft clays is used, and that swelling is inevitable. In stiff clays, fluid balance 
is not preferable, but swelling may still occur due to the large stress relief. 
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Britto and Kusakabe (1984) have looked at the undrained stability of axisymmetric 
shafts with casing or mud support. They have presented solutions for wall and base 
failure mechanisms, based on idealized elastic perfectly plastic soil behaviour. If Q 
is the depth of casing or height of mud, and D is the depth of the borehole, then for 
wall failure Britto and Kusakabe concluded that the following are true: 
1) casing has no effect until Q/D exceeds 0.75; 
2) mud support is effective for all values of Q/D; and 
3) for an unsupported hole, there will be failure of the wall ife u < Y D / 10. 
Centrifuge tests and finite element analyses reported by Britto and Kusakabe (1984) 
indicated that casing support has no effect on base stability. They also confirmed the 
earlier work of Skempton (1951) and Bjerrum and Eide (1956), which indicated that 
base failure is more critical than wall failure. Hight and Burland (1990) concluded 
from the work of Britto and Kusakabe, that without mud support the following are 
true: 
1) base failure is inevitable in normally consolidated clay; 
2) in lightly overconsolidated clays, the factor of safety against base failure would 
be so low that strains are likely to be significant; and 
3) in clays in which overconsolidation reduces with depth, base stability will be 
reduced. 
2.4.2 Disturbance During Sampling 
Hvorslev (1949) described the two main groups of sub-surface sampling methods in 
cohesive soils, as drive sampling and core boring. Drive sampling is further sub-di-
vided into open-drive samplers and piston samplers. Drive sampling involves forcing 
a tube into the soil, without any rotation or chopping action, and without removing 
the soil displaced by the walls of the sampler. Core boring involves a rotating action 
with material being ground up and removed, rather than displaced. An extension to 
core samplers is the use of a protruding inner-core barrel, which may be spring loaded, 
and acts as a drive sampler displacing the soil (Sone, Tsuchiya and Saito, 1971). 
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Hvorslev (1949) described a sample which has suffered the minimum amount of 
disturbance as an undisturbed sample. Idel, Muhs and von Soos, (1969) proposed a 
quality-class, in which the equivalent to an undisturbed sample (Hvorslev, 1949), 
would be quality class 1 (Idel et aI., 1969 and BS:5930, 1981). Hvorslev (1949) made 
recommendations for the type of sampling method to be used in different soil types 
in order to obtain an undisturbed sample. These are summarized for cohesive soils 
as follows: 
1) VER Y SOFT - thin-walled open-drive or stationary piston; 
2) COMMON COHESIVE - thin-walled open-drive or free or stationary piston; 
3) STIFF - core boring preferable to drive sampling; and 
4) SENSITIVE STRUCfURE - as above for soil type but results do not always 
represent properties of undisturbed deposit. 
Hvorslev (1949) also stated that the vacuum set up below a sample, obtained using 
a drive sampler during withdrawal, needs to be relieved, and that in common cohesive 
soils the sample should be separated from the in-situ soil with a wire before with-
drawal. Idel et al. (1969) and von Soos (1971) made similar recommendations for 
obtaining quality class 1 samples as Hvorslev (1949). However von Soos (1971) stated 
that quality class 1 samples of clay with a sensitive structure are obtainable using a 
thin-walled piston sampler. 
Broms (1980) stated that sampling methods currently used are as follows: 
1) SOFT CLAY - stationary piston samplers; 
2) MED-STIFF - open-drive samplers; and 
3) STIFF-HARD - double-core with protruding or retracted inner-core barrel. 
Broms (1980) made no distinction about clays with sensitive structure. BS:5930 (1981) 
and Clayton (1986) stated that quality class 1 samples are obtainable using the fol-
lowing sampling methods: 
1) N.C. to L.O.C. CLAY - thin-walled piston samplers; 
2) FIRM-STIFF - open-drive Ul00; 
17 
3) STIFF-HARD - no details given; and 
4) SENSITIVE CLAYS - thin-walled piston samplers. 
It would seem that the current recommendations for sampling methods are vague, 
especially when sampling stiff to hard clays. The recommendations made by Hvorslev 
(1949), were based on experience and visual qualitative observations of deformations 
applied to different types of soil by different types of soil samplers. The original 
recommendations made by Hvorslev (1949) are in general more detailed than the 
present recommendations made by the BS:5930 (1981). Either it has been concluded 
that there is little need to be concerned with the details of different sampling tech-
niques, or the importance of the details of different sampling techniques has been 
overlooked. This section summarises the research that has been conducted on the 
disturbances that occur during the sampling process, and attempts to indicate the 
importance of the details of different sampling techniques. 
Hvorslev (1949) conducted a rough and simplified analysis of the forces involved 
during the sampling operation. The pressure on top of the sample, due to the com-
pression of air or water, and friction inside the tube, tend to compress the sample. 
Hvorslev (1949) stated that when using an open-drive sampler the vents should be 
large enough to allow mud balance fluid to flow out un-hindered, thus preventing 
the build up of excessive pressure on the top of the sample. Hvorslev (1949) described 
the friction between the soil and the inside of the tube as being the single most 
important source of disturbance of the soil during the sampling operation. If the 
friction becomes too great, the sample inside the tube will jam causing compression 
of the soil in-front of the advancing tube. Hvorslev (1949) also stated that the inside 
of the sampler should always be cleaned before use. Bjerrum (1973) reported that 
this friction caused remoulding of a small zone on the periphery of samples of 
Drammen clays. For a soft clay this remoulding will cause an increase in pore pressure 
in the remoulded zone. With time the pore pressures within the sample will equalise 
causing an overall increase in pore water pressure and decrease in effective stress 
(Kallstenius, 1971, Bjerrum, 1973, Schjetne, 1971, Hight, 1986, and Hight, Gens and 
Jardine, 1985a). Apted (1977) noted that when shearing stiff London clay in 
undrained compression, at large strains post-peak, the change in pore pressure could 
be negative. Thus for stiff clays, remoulding of the soil can cause a decrease in pore 
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pressure at the periphery of the sample. The equalisation of pore pressure will, with 
time, cause an overall decrease in pore pressure and hence an increase in effective 
stress (Apted, 1977, Hight 1986, and Hight et al., 1985a). Because the remoulded 
strength of highly sensitive clays is so low, the friction between the sample and the 
soil has been noted by La Rochelle (1973) to be practically eliminated. 
The use of inside clearance has been introduced to try and overcome the problem 
of friction between the soil and the sample tube. The area ratio as defined by Hvorslev 
(1949), is a ratio of the displaced soil area to the total sampler area. It is desirable 
to minimise this ratio; a practical limit being set to prevent buckling of the tube. 
However, the use of inside clearance increases the area ratio. Acceptable area ratios 
have been linked with outside cutting edge taper angles (International Society for 
Soil Mechanics and Foundation Engineering, 1965). It is claimed that larger area 
ratios can be used with small taper angles (Hvorslev, 1949, and Hvorslev, 1969). If 
the sample tube has inside clearance, then there will be a reduction in vertical and 
horizontal total stress acting on the sample inside the sample tube. This will cause a 
reduction in pore pressure, inside the tube, and the sample will tend to swell 
(Hvorslev, 1949). This swelling may be partly inhibited, if the inside clearance is 
small, thus allowing total horizontal stresses to be partly reinstated. Kallstenius 
(1958), La Rochelle and Lefebvre (1971) and La Rochelle (1973) have observed that 
cementation bonds of the soft clays in Eastern Canada are very sensitive to distortion. 
The magnitude of the distortion resulting from the intrusion of a thin-wall tube sample 
was six times as large as the strain required to cause destruction of the clay 
cementation bonds. Based on this observation, together with the observation that in 
the sensitive clays no significant friction is expected to develop between the sample 
and the tube, a sample tube with no inside clearance was developed and successfully 
implemented (La Rochelle, 1973, and La Rochelle, Sarrailh, Tavenas, Roy and 
Leroueil, 1981). The use of foils or stockings as in the Delft sampler (Begemann, 
1974, and Begemann, 1977), or the Swedish foil sampler (Kjellman, Kallstenius and 
Wager, 1950), overcomes friction but is expensive. These samplers may not produce 
samples to the same quality as a well designed thin-walled sampler, however, due to 
the increased wall thickness required to accommodate the foil or stocking (Clayton 
et al., 1982). 
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Baligh (1985) proposed the hypothesis that the deformations imposed on a sample 
by a tube sampler where independent of the shear strength of the soil. Based on this 
observation, BaJigh (1985), Chin (1986) and Baligh et al. (1987), have predicted the 
strains imposed on a soil sample during the process of tube sampling. The "strain 
path method" is based on the superposition of stream functions to generate shapes 
and deformed grids which simulate the flow of soil around a sample tube. From the 
deformed shape of the streamlines, the nature and magnitude of the strains imposed 
on a sample of soil due to tube sampling have been presented. Figure 2.3 shows the 
axial strain history of a sample at the centre-line of the sampling tube. This analysis 
is based on the superposition of one single ring source and a uniform velocity field. 
This idealized sample tube has a curved tip and is termed the "simple sampler". Baligh 
(1985) stated that a similar analysis on samplers with flat-ended walls indicated no 
significant effect of sampler geometry on the axial strain history at the centre-line. 
La Rochelle et al. (1987) in a discussion to Baligh's (1985) paper, commented that 
there is strong evidence that the geometry of the cutting edge of a sampler is of utmost 
importance for quality sampling. They went on to say that the simple sampler, studied 
by Baligh, was an extreme case of a badly designed sampler tube, and that they 
believed that no engineering tests other than index tests should be carried out on 
specimens taken by such samplers. Teh (1987) commented that the boundary 
conditions of the simple sampler analyzed by Baligh (1985) were not correct when 
trying to simulate a real sample tube. The principle of Baligh's (1985) strain path 
method of streamlines was a significant step in improving understanding of the dis-
tortions caused by pushing a sample tube into the ground, but the solutions may not 
be realistic for real sample tube geometries. 
Siddique (1990) conducted a series offinite element analyses to investigate the strains 
imposed on soil samples by more realistic sampler geometries. The exact geometry 
of the sample tubes and cutting shoes were modelled. Five different sample tube 
geometries were studied; namely: 
1) flat-ended samplers; 
2) Norwegian Geotechnical Institute (NGI) 54mm diameter piston sampler; 
3) Swedish Geotechnical Institute (SGI) 50mm diameter piston sampler; and 
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4) two British Standard General Purpose lOOmm diameter open-drive samplers 
(U100). 
In addition, Siddique (1990) conducted a parametric study where the effects of dif-
ferent outside edge cutting angle (OCA). inside edge cutting angle (leA), area ratios 
(AR), and inside clearance ratios (lCR) were investigated. The numerical analysis 
modelled the soil as an incompressIble, inviscid fluid, flowing around the sampler 
under conditions of axial symmetry. The model is therefore comparable with the 
work of Baligh (1985) and Baligh et al (1987). Baligh (1985) observed that soil 
elements, at the centre-line of the sampler, were subjected to three distinct phases, 
namely: 
1) an initial compression phase ahead of the sampler where axial strain increases 
from zero to a maximum value; 
2) an extension phase near the cutting edge of the sampler where the axial strains 
reverse from compression to extension and attain a maximum value in extension; 
and 
3) a second compressive phase inside the sampler tube where axial strain decreases 
and attain a constant value. 
These results were confirmed by those obtained by Siddique (1990) for the NGI, 
SGI, and UlOO samplers. For the flat-ended samplers, however, Siddique found that 
there were no peaks for the extension phases in the vicinity of the cutting edge, and 
no second compression phase inside the sample tube. Axial strains were observed to 
vary across the diameter of the sample, with significant increases in disturbance in 
the outer-half of the sample. Both Baligh and Siddique concluded that soil located 
in the outer-half of the tube sample should not be used in testing. This observation 
of severe disturbance in the periphery of the sample is in agreement with the 
observations made by Hvorslev (1949). Hvorslev associated this disturbance with 
friction between the sample tube and the sample. The work of Baligh (1985) and 
Siddique (1990), however, indicated that it may also be simply due to the geometry 
of the cutting shoe and sample tube. This observation indicates a limit on the 
minimum diameter of the sampler to ensure that any specimen taken for testing can 
be taken from the middle-half of the sample. 
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Siddique (1990) found that the peak strains in compression and extension were not 
equal as reported by Baligh et al. (1987), but depended on the exact geometry ofthe 
sample tube and cutting shoe. At the centre-line of the sample, the peak compressive 
phase is controlled, primarily, by the thickness of the tube wall and the outside cutting 
angle. Peak extensive strains were found to be governed by the precise geometry of 
the cutting shoe, and especially the inside clearance ratio. Increasing the area ratio 
by increasing the thickness of the sampler wall, causes significant increases in the 
peak compressive strains, but the peak extensive strains are increased only slightly. 
Increasing the inside clearance ratio, caused an increase in the extensive strain and 
a slight decrease in the compressive strain ahead of the sample tube. The inside 
cutting edge taper angle had no effect on the compressive strain ahead of the sampler, 
but should be as small as possible to minimise the extensive strains. An increase in 
the outside taper angle caused a significant increase in the compressive strain, and 
to a lesser extent an increase in the extensive strain. 
The results obtained by Siddique (1990) are compared with those reported by Baligh 
et al. (1987) in Figure 2.4. From this Figure it can be seen that the results obtained 
by Baligh et al. (1987) for the simple sampler lie very close to those by obtained by 
Siddique (1990) for flat-ended samplers. The predictions of sampling strains obtained 
by Siddique (1990) for the NGI, SGI and UlOO samplers are generally less severe 
than the predictions made by Baligh et al. (1987). A summary of all of the predictions 
for the various samplers analysed by Siddique (1990) is given in Table 2.1. Siddique 
(1990), from his parametric study, concluded that in order to restrict the degree of 
disturbance (peak axial strains in compression and extension) to less than 1%, a 
sampler should have the following values of design parameters: 
1) the area ratio not greater than 10%; 
2) the inside clearance ratio not greater than 0.5%; 
3) the inside cutting edge taper angle 1-1.5 degrees; and 
4) the outside cutting edge taper angle not greater than 5 degrees. 
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Figure 2.4: Strains Imposed by Tube Sampling, as Predicted by 
Siddique (1990) and Baligh et al. (1987). 
The research undertaken by Siddique (1990) indicated that the strains imposed on 
a sample by a sample tube are dependant on the exact geometry of the sample tube 
and cutting shoe. Siddique concluded that the results obtained by Baligh (1985) and 
Baligh et al. (1987) for the simple sampler are not correct for real sample tubes. 
However the research undertaken by Siddique (1990) was a numerical procedure, 
and may be inaccurate as no bench-marking of the finite element analyses with 
Baligh's (1985) closed-form solutions was conducted. In addition, as with BaJigh's 
(1985) solutions, the model is of fluid behaviour. This implies that the solutions can 
only be applied to soil behaviour where similitude exists. This means that these 
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Table 2.1: Summary of Finite Element Predictions for Axial 
Strain History at the Centre-line of Different Samplers, 
After Siddique (1990). 
Sampler AR Bit ICR ICA OCA Ec Ee Eo 
(%) (%) CO) (0) (%) (%) (%) 
NGI 11.4 45.6 0.93 1.43 12.0 +0.31 -0.26 -0.07 
SGI 44.0 12.2 0.40 0.11 5.0 +0.58 -0.52 -0.07 
U100~1~ 27.1 26.1 1.44 2.58 20.0 +0.67 -0.84 -0.09 U1002 26.4 26.1 1.10 0.00 30.0 + 1.14 -1.45 -0.09 
Flat-ended 
1 9.4 45.6 0.00 0.00 90.0 + 1.14 -0.47 -0.47 
2 19.9 23.0 0.00 0.00 90.0 +2.38 -0.94 -0.94 
3 42.8 12.2 0.00 0.00 90.0 +4.76 -1.94 -1.94 
4 23.6 19.9 0.00 0.00 90.0 +2.67 -1.29 -1.29 
Parametric 
** 
5 10.1 53.0 0.99 0.72 9.9 +0.25 -0.56 +0.04 
6 29.6 17.7 0.99 0.72 9.9 +0.70 -0.61 -0.19 
7 50.7 11.3 0.99 0.72 9.9 +0.77 -0.69 -0.29 
8 100 7.0 0.99 0.72 9.9 + 1.19 -0.75 -0.42 
** 
9 29.6 17.0 0.49 0.72 9.9 +0.91 -0.38 -0.37 
10 29.6 19.2 1.98 0.72 9.9 +0.44 -1.72 +0.41 
11 29.6 23.0 3.96 0.72 9.9 +0.22 -3.28 +2.56 
** 
12 22.9 17.7 0.99 0.36 9.9 +0.72 -0.92 -0.04 
13 22.9 17.7 0.99 1.43 9.9 +0.72 -0.36 -0.27 
** 
14 22.9 17.7 0.99 0.72 5.0 +0.32 -0.59 +0.02 
15 22.9 17.7 0.99 0.72 19.2 + 1.20 -0.68 -0.42 
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solutions are only valid where the behaviour is entirely deformation dependent. 
Baligh (1985) stated that this solution was valid for "deep foundation" problems. This 
indicates that the above behaviour is not relevant for the first stage of the sampling 
procedure as the sampler is initially being pushed into the soil. At this stage the 
behaviour is stress controlled, as with shallow foundations (Lambe, 1967, Lambe and 
Marr, 1979 and Baligh, 1985). However it is not known at what stage the transition 
from stress to strain controlled behaviour occurs. In addition, the solutions do not 
take into account friction between the clay soil and sample tube, the driving velocity 
and the effect of anisotropic soil conditions. Nevertheless, the strain path method 
remains at present, as the only rational approach to predicting the strains imposed 
on a soil sample during the process of tube sampling. 
Alonso, Onate and Casanovos (1981) used a viscoplastic model of saturated clay, 
implemented via the finite element method, to study the effect of sampler jacking 
upon soil stressing and straining around the sampler. They reported no usable con-
clusions on the basis of their results. However, this method seems to have potential 
in locating the transition between stress and strain controlled behaviour. In addition, 
the influence of friction and sampler velocity could be investigated using this pro-
cedure. 
Hvorslev (1949) stated that the method of forcing a drive sampler into the ground is 
important. Hvorslev stated that hammering will generally cause partial to serious 
disturbance of the sample, while jacking allows time for development of wall friction, 
and distortions and shear failures may occur after a short penetration. Hvorslev stated 
that fast pushing, uninterrupted, at a rate of 150 to 300mm per second produces less 
disturbance than hammering or slow jacking. The ISSMFE (1965) were concerned 
with the possibility of the increase in pressure above the sample, and so a uniform 
velocity of 33rnm per second was recommended to allow air and water to escape 
through the vents. Hvorslev (1949) commented that the majority of the vents com-
mercially in use were not effective and that it would be better to re-design the vents 
to be stream-lined, thus facilitating the use of higher pushing velocities. Hvorslev 
also emphasised that the sampler must not be rotated. Hvorslev (1949) commented 
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that a single heavy blow or shooting the sample tube into the ground may produce 
less disturbance than fast pushing. However, he stated that the influence of such high 
velocities is not well understood. 
During removal from the ground, Hvorslev (1949) stated that suction forces at the 
base of the sample can cause additional disturbances to the sample. Hvorslev 
advocated cutting the bottom of the sample from the in-situ soil, rather than sep-
aration by a direct pull or twisting of the sample tube. La Rochelle (1973) commented 
that there were variations in sample quality within the sample tube of 8cm internal 
diameter; the top three eighths and bottom one eighth of the recovered sample length 
of 80cm were of poorer quality than the remainder of the sample. The ISSMFE (1965) 
recommended that clay within two diameters from either end of the sample should 
not be used. Hvorslev (1949) and ISSMFE (1965) recommended safe sample lengths, 
for drive samplers, to be 10 to 20 times the inside diameter of the sample tube, for 
stiff to soft clays respectively. 
2.4.3 Disturbance Caused by Transportation and Storage 
When transporting the samples from the field to the laboratory the sample can be 
disturbed due to the following: 
1) inadequate sealing; 
2) vibration and shock; 
3) thermal variations; 
4) pore pressure equalisation; and 
5) chemical effects. 
Once the sample tube and sample have been removed from the ground, any change 
in moisture content and ingress of air needs to be eliminated; therefore the samples 
need to be sealed. Hvorslev (1949) and Clayton et al. (1982) made recommendations 
for sealing of the ends of sample tubes. Hvorslev (1949) recommended the sealing 
of tubes on site, with plugs of battery sealing compound, at least 2cm thick, with end 
caps. Hvorslev (1949) stated that a metal disk coated in wax should be placed just 
above the sample to prevent shrinkage cracks occurring. Excess water from drilling 
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operations should be removed from the ends of the sample tube. If extrusion of the 
sample in the field is practical, then sealing of the sample can take place in the field. 
La Rochelle, Leroueil and Tavenas (1986), developed a method of sealing extruded 
samples, using alternating layers of plastic sheets and wax compound. They have 
shown that this sealing technique is adequate for many years of storage. The wax 
compound was a mix of 50% by weight of Paraffin wax and 50% Vaseline. This 
mixture overcomes the brittle and shrinking nature of Paraffin wax. The wax should 
be placed on the sample at a temperature of between 60 and 65 degrees Celsius. 
During transportation from the field to the laboratory, the sample can be subjected 
to vibrations or shock loads. Hvorslev (1949) stated that samples should be preferably 
transported privately rather than commercially. The disturbance due to vibrations 
should be minimized by mounting the samples vertically on layers of foam rubber. 
Kallstenius (1971) found that a simulated vibration of a train could cause in some 
cases a reduction, or in other cases an increase in shear strength for a soft clay. 
Kallstenius concluded that there was a variable influence due to travelling vibrations. 
Kallstenius (1971) simulated shock loads by dropping samples in their tubes onto the 
floor, and concluded that shock loads may cause disturbance of a considerable degree 
to soft clays. 
Thermal variations will cause expansion and contraction of the pore water. If the 
pore water freezes then ice lenses will form and eventually cause the soil to break-up 
by a wedging action, as water is attracted from the rest of the sample. Excessive heat 
may cause deterioration of the seal. British Standards Institution (1981) recom-
mended that samples should be stored at the lowest temperature practicable within 
the range of 2-45 degrees Celsius. In addition, the daily temperature variation should 
not exceed 20 degrees Celsius. Kallstenius (1971) concluded that normal temperature 
variations had a negligible effect on the sample, as long as drying out of the sample 
was avoided. A high humidity was recommended by Hvorslev (1949) and Clayton et 
al. (1982), to prevent moisture loss in case of the seal breaking down. 
Assuming that the sample is adequately sealed, disturbance can still occur due to the 
equalisation of pore pressures within the sample, set up as a result of the sampling 
process and stress relief. The effects of storage times on undrained strengths of 
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reconstituted soils have been reported by Kirkpatrick and Khan (1984), Kirkpatrick, 
Khan and Mirza (1986), Graham and Lau (1988) and Graham, Jamieson, Ho, and 
Azizi (1990). The effects of storage times on natural clays have been investigated by 
Bozozuk (1971), La Rochelle, Sarrailh and Tavenas (1976) and Arman and McManis 
(1976). However, Hight and Burland (1990), concluded that an objective of all 
sampling and testing programs should be to test the samples as soon as is practical 
after sampling. 
Chemical reaction between the sample tubes and soil can disturb the soil (Hvorslev, 
1949, Berre, Schjetne and Sollie, 1969 and Clayton et al., 1982). Berre et al. (1969) 
observed a significant increase in the force required to extrude a salt clay stored in 
steel tubes one month after sampling compared to shortly after sampling, and 
observed a thin layer of clay that had adhered to the inside of the tube after extrusion. 
Hvorslev (1949) stated that unless samples are to be tested within a few days of 
sampling, sample tubes or liners should be of non-corrosive material, or galvanised, 
or coated on the inside with a hard smooth lacquer. Berre et al. (1969) recommended 
lining the sample tubes with resin. The end caps should also be of the same metal as 
the sample tube or made from chemically inert materials. 
Hvorslev (1949) recommended that if samples are to be stored for protracted periods, 
then control tests should be conducted prior to sealing, and then repeated prior to 
testing. Broms (1980) stated that control tests should be made if samples are stored 
for more than one week. The control tests would include taking moisture contents 
and conducting cone penetration tests at the ends of the sample. The length of the 
sample could also be measured to indicate any changes in volume. 
2.4.4 Disturbance Caused by Sample Preparation 
When the specimen is being prepared for testing, the soil can be disturbed mainly 
due to the following: 
1) forces and friction during extrusion; and 
2) moisture changes. 
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The force required to extrude a soil sample from the sampling tube, was found by 
Sone et aI. (1971), to be larger than the unconfined compressive strength ofthe clayey 
silt that they were testing. This was also noted by Arman and McManis (1976), when 
extruding stiff clay samples from thin-walled sample tubes. Arman and McManis 
used X-ray radiography to show the shear distortion around the periphery of the 
sample, and even the development of failure planes following hydraulic extrusion. 
Shakel (1971) used a nuclear technique to measure the change in density of a soil 
specimen of stiff sandy clay due to extrusion. The technique indicated an increase in 
density at the end where the extrusion force was being applied, but no change in 
density for the remainder of the sample. As extrusion normally takes place in the 
same direction as the soil was sampled, this means that the bottom of the sample, 
which is relatively undisturbed compared to the top, will be further disturbed. Still 
further disturbance can occur if there is high friction between the soil and sample 
tube, or if there is inadequate support as the sample leaves the tube. Friction between 
the soil and tube wall can be minimized using lubricants or liners. As the sample is 
being extruded it should be supported, and the support should be moved away, with 
the extruded sample, to prevent the development of shear stresses between the 
sample and support (Clayton et aI., 1982). Large diameter samples should be sup-
ported in a trough (Hvorslev, 1949). Hvorslev (1949) stated that samples in long tubes 
or liners cannot be removed as a unit without disturbing the soil and should be cut 
into sections with a length of 3 to 6 times the diameter. Any burrs on the edges of 
the cut tubing should be removed (Hvorslev, 1949). ISSMFE (1965) stated that during 
extrusion the plunger must be a close fitting flat disc pressed perpendicular to the 
axis of the soil sample tube. The use of split sample tubes (Hvorslev, 1949), however, 
overcomes the problems associated with extruding soil samples. 
A number of techniques described by Bishop and Henkel (1962) and Head (1986), 
may be used !o prepare the final specimen. These include the use of sub-sampling 
processes where tubes are pressed into the sample. The use of this technique is not 
recommended by Baldi, Hight and Thomas (1988). however, as it is in effect a repeat 
of the sampling process. Specimens that cannot stand unsupported can be prepared 
by extruding the specimen into a trimming ring, while excess material is trimmed 
away ahead of the ring (Landva, 1964 and Head, 1986). Samples which are 
self-supporting can be prepared using a soil-lathe and cheese-wire (Head, 1986). The 
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use of full-size specimens means that all the disturbance caused by the sampling 
process will still exist in the specimen. Baldi et al. (1988), stated that because the 
majority of the mechanical disturbance occurs at the periphery of the sample, they 
believe that the disturbance of a carefully trimmed specimen is less than that of an 
untrimmed specimen. 
Baldi et al. (1988) indicated that significant pore pressure gradients can occur due 
to drying of the sample as it is being prepared. Baldi et al. stated that minimizing the 
thickness of cut as the final diameter is reached will minimise the pore pressure 
gradients. It is also advised that sample preparation should occur in a locally 
high-humidity environment (Head, 1986). Bishop and Henkel (1962) stated that 
membranes absorb water, indicating that there is the possibility of water transfer 
from the sample to the membrane. Baldi et al. (1988) quoted a 40% increase in the 
effective stress of a Lower Cromer Till specimen (38mm diameter by 76mm height, 
LL = 25 %, PI = 13%) due to water transfer from the specimen to the membrane. Baldi 
et al. stated that there seems to be an advantage in using pre-soaked surface dried 
membranes to prevent water movement between the specimen and the membrane. 
However, if the suctions in the soil are high then water may be imbibed from the 
membrane. If filter paper is used then Baldi et al. (1988) stated that water transfer 
will occur, until the suction in the filter paper is the same as the suction in the 
specimen. Baldi et al. noted that there is scope for minimising this exchange of water 
by adjusting the suction in the filter paper to equal that in the specimen. The suction 
that can be established in filter paper is related to its water content (Chandler and 
Gutierrez, 1986). Water exchange can also occur from pore pressure measurement 
and drainage systems, and so the use of high air entry porous ceramics (Bishop and 
Henkel, 1962), were recommended by Baldi et al. (1988). They also recommended 
that the time that the specimen is under zero total stress is minimized. 
2.4.5 Disturbance Caused by Testing 
Bishop and Henkel (1969) used a null indicator to measure the pore pressure in a 
soil specimen in the triaxial test. Measurements of pore pressure using a null indicator 
are only accurate if the entire measuring system is free from air. This led to the 
importance, for Bishop and Henkel, of ensuring that there was complete saturation 
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of the soil specimen and measuring system. Hight and Burland (1990) stated that to 
avoid errors in the measurement of volume change and pore pressure, it is good 
practice to eliminate air around the periphery of the specimen and in the drainage 
system. However, Hight and Burland stated that the use of high air entry porous 
ceramics, flush able base pedestals and top caps, and electrical pore pressure trans-
ducers (including mid-plane (Hight, 1982), relaxes the necessity of achieving com-
plete saturation of the specimen. 
The pore pressure parameter B value (Skempton, 1954), is related to saturation 
through the porosity and compressibility of the pore fluid and soil structure, and is 
used to indicate the degree of saturation of the specimen. Hight and Burland (1990) 
have noted that there is an obsession with obtaining a pore pressure parameter B 
value of unity. However, a B value of 0.95 may mean 99.9% saturation in a stiff clay, 
but only 96% in a soft clay (Black and Lee, 1973). Therefore a stiff clay may have a 
high degree of saturation even though it shows a B value less than one (Baldi et aI., 
1988). 
Saturation is normally attained by flushing methods or pressure methods (Chaney, 
Stevens and Sheth, 1979, Head, 1986, Baldi et aI., 1988 and Hight and Burland, 1990). 
Application of confining pressures to partly saturated specimens, either undrained 
or by simultaneously applying cell and back pressures, can cause volumetric straining 
of the specimen (Hight and Burland, 1990). Brand (1975) conducted a series of tests 
on normally consolidated natural soft Bangkok clay (PL=33%, LL=85%), to 
investigate the disturbance caused by using different magnitudes of back pressure. 
Brand found that when high consolidation pressures (in excess of twice the in-situ 
effective overburden pressure) were used, the undrained stress-strain behaviour was 
little affected by the value of the back pressure. However, when a low confining 
pressure equivalent to the in-situ overburden pressure, together with low back 
pressures of zero or equivalent to the in-situ pore pressure was used, the stress-strain 
behaviour showed a significant increase in strength at a lower axial strain. The 
measured B values at these low confining pressures indicated that the specimens 
were not saturated. Brand (1975) concluded that the samples were not saturated in 
situ, and that the use of high confining and back pressures caused detrimental dis-
turbance to the soft clay. Brand (1975) suggested that the true in-situ behaviour of 
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a soft clay might be best measured using back pressures equivalent to the in-situ pore 
pressure, and cell pressures equivalent to the in-situ total overburden pressure. 
Bressani and Vaughan (1989) have similarly suggested that weakly bonded residual 
soil has a brittle structure which can be damaged by the saturation process. Bressani 
and Vaughan saturated artificial specimens either by flooding them under a vacuum, 
or applying confining and back pressures sequentially in small steps of 5kPa, to a 
back pressure of 400kPa. The second method of saturation applied small unload 
re-Ioad cycles to the specimens, and this caused a 15% reduction in the measured 
strength compared with the first method of saturation. 
In Section 2.2 the importance of structure in natural clay soils was established. To 
define the failure envelope it is current practice (Bishop and Henkel, 1969, BS:5930, 
1981 and Head, 1986), to consolidate specimens at varying effective stresses, the 
value of which may be in excess of the in-situ preconsolidation pressure. From Figure 
2.1 it can be seen that this procedure can cause de structuring of a natural clay soil 
and an inaccurate definition of the in-situ failure envelope. Furthermore, use of 
isotropic consolidation stresses produces a yield envelope which is centred around 
the isotropic line, whereas the yield envelope for natural clays is centred around the 
one-dimensional consolidation line (Leroueil and Vaughan, 1990). Therefore 
one-dimensional consolidation is more appropriate for establishing the in-situ 
behaviour. 
2.S EFFECTS OF SAMPLE DISTURBANCE 
In research, there have been two main approaches to investigate the effects of sample 
disturbance. One approach has been to use a comparative study to investigate the 
effect on the soil parameters, of different sample techniques. In recent years, as a 
result of greater understanding of the mechanisms associated with sample disturb-
ance, the sampling process has been idealized to that of stress relief and tube strains 
as predicted using the strain path method. The second approach has therefore been 
to assess the effects of sample disturbance based on these idealized mechanisms. The 
following sections will review these two approaches. 
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2.5.1 Effect of Actual Sample Disturbance 
There are essentially two techniques of obtaining a soil sample from the ground. 
These two techniques are non-displacement and displacement methods. With the 
non-displacement technique, the sample of soil is carved out of the ground. This 
technique includes block sampling and rotary core sampling. Block samples can be 
obtained by hand at the bottom of excavations (Clayton et aI., 1982), or from down 
a borehole (Lefebvre and Poulin, 1979). With non-displacement methods, the main 
forms of disturbance are those associated with the drilling of the borehole, stress 
relief, transportation and storage, sample preparation, and testing. Displacement 
techniques use tubes which are forced into the ground, displacing the soil. With this 
technique, sample disturbance occurs due to drilling, stress relief, tube sampling 
strains, transportation and storage, sample preparation, and testing. Because of the 
difference between these two approaches block samples are taken as the bench-mark 
against which the other technique is compared. 
Hvorslev (1949) stated that sample disturbance would decrease with increasing 
sample diameter. Berre et a1. (1969) concluded from oedometer tests on a soft marine 
clay that a 95mm piston sampler (area ratio, AR = 14%, inside clearance ratio, 
ICR= 1.4%, outside cutting edge angle, OCA= 10 degrees) caused less sample dis-
turbance than a 54mm piston sampler (AR= 12%, ICR= 1.3%, OCA= 12 degrees). 
This difference was based on measurements of preconsolidation pressure and 
compressibility, where higher disturbance was associated with lower values for 
preconsolidation pressure and higher values for compressibility, and was attributed 
to the difference in sample size. Conlon and Isaacs (1971) compared undrained shear 
strength results from block samples, 73mm outside diameter thin-walled Shelby tube 
samples (AR = 9.3%), and 127rnm outside diameter fixed-rod thin-walled piston 
samples (AR = 10.8%). The tests on sensitive lacustrine clay of medium to high 
plasticity showed that the block samples were less disturbed than the tube samples, 
but that there was too much scatter in the sample tube data to distinguish any dif-
ference in disturbance due to sample size. Some 51rnm thin-walled tube samples 
were also collected. The area ratio of these tubes were not quoted but were probably 
about 15% (Clayton et aI., 1982). Conlon and Isaacs (1971) stated that there was 
increased disturbance with these smaller diameter samples and attributed this to the 
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size of the sample. These statements by Hvorslev (1949), Berre et al. (1969) and 
Conlon and Isaacs (1971), are subject to the effect of soil fabric (Bishop and Little, 
1967, Lo, 1970, Rowe, 1972 and Burghignoli and Calabresi, 1977), and its effect when 
investigating sample size. Siddique (1990) has indicated the importance of the precise 
geometry of the sampler. As the geometries of the above samplers are slightly dif-
ferent, it may not be reasonable to attribute the difference in strengths directly to 
the difference in sample size. Other researchers (Bozozuk, 1971 and Raymond, 
Townsend and Lojkasek, 1971) have investigated the effects of sampling using dif-
ferent sizes and types of samplers, but because of the variations between each method 
it is not possible to isolate any effect due entirely to sample size. However, the work 
of Hvorslev (1949), Baligh (1985) and Siddique (1990) indicated that significant 
shearing occurs in the outer-half of the soil sample when being sampled using a drive 
sampler. Therefore indicating that the diameter of the sample should be at least 
twice the diameter of the specimen. 
A number of researchers have conducted comparative studies to investigate the 
effects of using different sampling methods. The studies where comparisons have 
been made with block samples have been summarized in Table 2.2. These studies 
are also shown in Figure 2.5. This Figure shows the effect on peak strength and 
stiffness of tube sampling, on different soil types, when compared to block samples. 
Considering the studies as a whole, they indicate no conclusive trends in terms of 
identifying factors (type of soil, type of sampler), which control the degree of dis-
turbance. This does not prove the absence of any factors, but more probably that 
there are two many variables associated with the studies. The studies do show, 
however, that for the soils tested, which range from stiff fissured to highly sensitive 
clays, the effect of sampling in all cases has caused a decrease in peak strength, an 
increase in strain at peak strength, and a decrease in stiffness. The studies also show 
that the magnitude of these effects can be large. In addition to these general 
observations, a number of more specific conclusions can be drawn from the results 
of these comparative studies. 
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Figure 2.S: Effects on Peak Strength and Stiffness of Using Different Tube 
Samplers on Various Soils Compared to Block Samplers (Table 2.2). 
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Table 2.2: Summary of the Effects of Sampler Type on Some Mechanical 
Properties of Various Clays. 
Soil Lab. Peak Peak E 
Type Sample Test Strength Strain Ratio Ref. 
(PL,LL) Ratio Ratio 
(NMC,St) 
Ex.Sens. NGI-54 UU 0.51 -- -- Eden 
clay SGI-50 UU 0.48 -- -- (1971) 
(25,35) Ost-127 UU 0.43 -- --
(50,150) 
Mod.Sens. NGI-54 UU 0.51 -- --
clay SGI-50 UU 0.54 -- --
~25,60~ Ost-127 UU 0.53 -- --60,30 
Sens. NGI-54 UC 0.63 -- 0.62 La 
clay CU 0.57 1.24 -- Rochelle 
(27,50 & 
(69,50) Lefebvre 
(1971) 
Sens. NGI-54 UC 0.54 -- 0.50 
clay 
~23,60~ 59,20 
Sens. NGI-73 UC 0.88 1.14 0.76 Milovic 
clay Shel-73 UC 0.69 2.14 0.26 (1971) 
~24,63~ NGI-73 CU 0.90 1.05 0.80 63,15 Shel-73 CU 0.68 1.60 0.45 
Sens. NGI-73 UC 0.68 1.14 0.72 
cl~ Shel-73 UC 0.42 1.36 0.40 ~25, 5~ NGI-73 CU 0.87 1.10 0.84 75,10 Shel-73 CU 0.72 1.25 0.72 
continued over page: 
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Soil Lab. Peak 
Type 
(PL,LL) 
(NMC,St) 
Sample Test Strength 
Ratio 
Sens. Ost.-127 UC 0.61 
clt; SGI-50 UC 0.46 (20, 5) Shel-50 DC 0.42 
(80,--) Shel-50 DC 0.40 
Shel-50 UC 0.37 
Med-stiff Tub-127 DC 0.86 
clay Tub-76 DC 0.56 
(45,67) 
(30,--) 
London Tub-38 UU 0.61 
cla~ (27, 0) 
(21,--) 
Stif.Fis. Shel-50 UD --
clay 
(25,55) 
(25,--) 
V.stiff Ret.Den. UC 0.86 
clay Pro.Den. DC 0.50 
(40,101) 
(--,--) 
All ratios refer to results from blocks 
Sens. = sensitive (extreme, moderate) 
Stif.fis = stiff fissured 
Peak E 
Strain Ratio Ref. 
Ratio 
1.20 0.47 Raymond 
1.81 0.28 et al. 
2.03 0.20 (1971 ) 
3.63 0.26 
3.71 0.22 
2.67 0.19 McManis 
4.67 0.14 & Arman 
(1979) 
2.13 0.29 Ward et 
al. 
(1959) 
-- 0.20 Lo et al. 
(1971) 
1.16 0.78 Iwasaki 
1.38 0.30 et al. 
(1977) 
St = sensitivity 
NGI-54 = Norweigan piston sampler (AR=lO %, ICR= 1 %, B/t=46) 
SGI-50 = Swedish piston sampler (AR=44 %, ICR = 0.4 %, B/t= 12) 
Ost-127 = Osterberg piston sampler (AR=5 %, ICR = 0.4 %, Bit =73) 
NGI-73 = Norweigan piston sampler (AR= 12 %, ICR=0.8 %, B/t= 19) 
Shel-73 = Shelby tube (AR= 12 %, ICR=0.8 %, B/t= 19) 
Shel-50=Shelby tube (AR=--, ICR=O.5 %, Bit =30) 
Tub-127 = thin-wall open-drive tube 
Tub-76 = thin-wall open-drive tube 
UU = unconsolidated undrained 
UC = unconfined compression 
CD = consolidated undrained 
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Soft Clays 
Eden(1971) commented that all the thin-walled tube samplers imposed lateral strains 
on the samples, which are large enough to destroy the brittle bonds of the sensitive 
highly structured clay. This comment was also made by La Rochelle et al. (1981), 
who also stated that peak strength on a tube sample corresponded to post-peak 
conditions at large strains for the block samples. These researchers stated that stress 
relief, from in-situ effective stresses to zero total stress, does not have any significant 
effect on the structural bonds of sensitive clays. 
Milovic (1971) conducted both unconfined compression and isotropic consolidation, 
undrained compression tests. The magnitudes of the values of strength, strain at peak 
strength, and initial modulus for the consolidated undrained tests were significantly 
different to those from the unconfined compression tests. This highlighted the 
importance of test procedure on the results. Milovic stated that consolidation to 
in-situ effective stresses gave the best results. Raymond et al. (1971) noted that when 
the samples of sensitive clay were isotropically consolidated to beyond or close to 
the pre consolidation pressure, there was a marked detrimental change in behaviour. 
They attributed this behaviour to the collapse in the cementation bonds. 
Holm and Holtz (1977) investigated the effects of using large-diameter fixed-piston 
samplers, and the 50mm diameter Swedish standard piston sampler (AR = 21 %, 
ICR=O.4%, OCA=5 degrees), on a soft medium sensitive Illitic clay. The 
large-diameter fixed-piston samplers used were as follows: 
1) the 95mm NGI research sampler (AR= 14%, ICR= 1.4%, OCA= 10 degrees); 
2) the 127mm Osterberg sampler (AR = 18%, ICR = 0.4%, OCA = 7 degrees); and 
3) the 124mm Swedish research sampler (AR=27%, ICR= 1.2%, OCA=5 
degrees). 
Triaxial specimens were K 0 consolidated and loaded in undrained compression at a 
constant rate of strain. The results showed no significant difference in peak undrained 
strength between any of the samplers. But Holm and Holtz commented that samples 
obtained with the Swedish standard piston sampler give a lower initial undrained 
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secant modulus, although this was not conclusive due to the small number of tests 
performed. They concluded that there was no need to use large diameter samplers 
for the routine testing of Swedish clays. This statement would seem correct if it is 
strengths that are of interest, but Holm and Holtz's data did indicate that there was 
a qualitative reduction in the undrained modulus due to the use of the small-diameter 
piston sampler. In addition, no block samples were taken against which to compare 
the effects of the tube sampling. 
From the results and observations made by these researchers, a number of con-
clusions can be drawn concerning soft and sensitive clays. When comparing the 
strength and stiffness data from good quality tube samplers with the results from 
block samples, there is a significant reduction in strength and stiffness for soft clays 
and sensitive clays. The specimens obtained from block samples will have been 
subjected to disturbance due to stress relief, transportation, storage and preparation, 
but the effect of this has not be determined. The tube samples will also have been 
subjected to these same sort of disturbances. Therefore these significant differences 
in behaviour for these types of clays can be attributed mainly to the effects associated 
with displacement methods of sampling. Indications are that the effect of sampling 
disturbance is related very closely to the collapse in the structural features of clay 
soils. 
Lefebvre and Poulin (1979) developed a down-borehole block sampler for sampling 
in soft clay. A 400mm diameter borehole is filled with water or bentonite slurry. The 
sampler consists of a cage with three cutting tools, having an annular motion, which 
are rotated at about 5 rotations a minute. In this way a slot 50mm wide is cut around 
a clay cylinder. After carving an annular slot 350mm high, a horizontal diaphragm 
slowly closes as the sampler continues to rotate separating the sample from the soil 
below. This operation is said to take about 30 minutes. By comparing the results of 
unconfined compression tests, Lefebvre and Poulin showed that the results obtained 
using this method are of a quality equivalent to blocks sampled conventionally at the 
bottom of open cuts. Lacasse, Berre and Lefebvre (1985) compared the quality of 
this block sampler with a 95mm fixed-piston sampler. Three types of clay were tested, 
namely: 
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1) Emmerstad (PI =3-12%, sensitivity=60, OCR =3-5); 
2) Ellingsrud (PI =5-8%, sensitivity =60, OCR =2.4-1.4); and 
3) Onsoy (PI =30-44%, sensitivity = 6-9, OCR = 1.5-3). 
As expected, for the lean quick clays, the block sampling resulted in higher shear 
stresses at lower failure strain, with much higher shear modulus values. However, in 
the case of the plastic moderately sensitive clay, the blocks and the 95mm samples 
gave very similar results. 
La Rochelle et al. (1981) designed a large-diameter tube sampler (AR = 10%, 
ICR = 0%, OCA = 5 degrees, inside diameter 208mm). The sampler consisted of the 
sampling tube and a coring tube with steel teeth and cutters at its tip. The borehole 
was filled with bentonite slurry. At the sampling depth, the sample tube is pushed 
into the soil with a continuous thrust. The coring tube is then rotated and advanced, 
using injected mud to wash clay out of the teeth and cutters. In this way the overcoring 
of the sample tube occurs. When the coring tube has advanced 20mm below the edge 
of the sampler, the sampler is rotated through 90 degrees to shear the sample from 
the soil below. Results of tests on a sensitive clay using samples obtained with this 
sampler, and hand-cut block samples, showed no significant difference in behaviour. 
The above results indicate that it is possible to obtain tube samples of a quality 
comparable with block samples for sensitive clays, although this may only be possible 
for clays with a high plasticity. For soft and highly sensitive clays, indications are that 
the non-displacement down-borehole block sampler method is the only sampler 
suitable to give a sample quality comparable with hand-cut blocks. 
Stiff Clays 
Ward, Samuels and Butler (1959) stated tentatively that tube sampling caused a 
break -up of the macro-structure of the stiff fissured London clay. Iwasaki, Hashimoto, 
Hongo, Hirayame and Murakami (1977) used two types of Denison core barrel with 
retracted and protruding inner-barrel, when sampling very stiff clay. They found that 
the protruding type gave less disturbance when the compressive strength of the clay 
was less than 300 to 400kPa whereas the retracted type gave less disturbance when 
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the compressive strength was greater than 300 to 400kPa. However, these samplers 
still caused disturbance to the samples, with a reduction in peak strength and stiffness 
compared to block samples. Seko and Tobe (1977) conducted a comparative 
investigation on a plastic stiff clay, using samples obtained with seven different types 
of sampler. The samplers consisted of a hammered open-drive sampler, a single-tube 
core barrel, protruding rotary-core samplers, and a retracted double-tube core barrel. 
Results of unconfined compression tests indicated consistently that the samples 
obtained with the retracted rotary sampler gave higher peak strengths and initial 
moduli, compared with all of the other sampling methods. The lowest strengths and 
initial moduli were obtained with the open-drive sampler. No block samples were 
taken. In addition, Seko and Tobe conducted needle penetration tests along hori-
zontal sections of the samples. These results showed that for the retracted rotary 
sampler there was no significant variation in strength across the sample, but for the 
other sampling methods there was generally a reduction in strength towards the edges 
of the sample. They concluded that the double-tube core barrel with retracted 
inner-tube should be used to sample stiff clays and that the edges of the sample should 
be trimmed. Harrison (1991) reported the use of a pushed thin-walled tube sampler 
(AR=8%, ICR=O%, OCA=15 degrees), to sample stiff clays with an undrained 
shear strength of up to 250kPa. He compared the samples with U 100 (Whyte, 1986), 
tube samples in terms of visual examination of the samples and results of soil suction 
(Chandler and Gutierrez (1986» tests. Harrison has therefore demonstrated that it 
is practically possible to use thin-walled sample tubes in stiff clays. 
McManis and Arman (1979) investigated the use of two methods for preparing 
specimens of stiff Pleistocene clay from the block samples. One method was to use 
a wire-saw to trim the sample by hand, the other was to push a small tube 
(Dia. = 36mm) into a segment of the block sample. The second method caused a 35% 
reduction in peak strength, and a 55% increase in the strain at peak strength compared 
to the first method. 
Holtz, lamiolkowski and Lancellotta (1986) conducted a comparative investigation 
of the effects of sampling on a very stiff, highly plastic clay. The results of oedometer 
tests were used to compare the behaviour of samples obtained from hand-carved 
blocks with samples obtained with the Osterberg piston sampler (Osterberg, 1952, 
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Osterberg, 1973) and an Italian piston sampler (Tornaghi and Cestari, 1977). The 
results showed that there was no significant difference in preconsolidation pressure 
between specimens obtained from samples for each sampling method. However, the 
initial modulus for the block samples were much higher than those of the specimens 
obtained with the piston samplers. Kramer and Rizkallah (1979) obtained samples 
of a fissured overconsolidated clay, using a double-barrel core sampler and blocks 
cut from large diameter pile shafts. Results of shear box tests showed that the shear 
strength envelope for the block samples had a higher cohesion intercept than for the 
rotary core samples. 
The majority of the research on stiff highly plastic clays has been conducted using 
rotary techniques of sampling. The results and observations of the above investiga-
tions indicate that sampling using retracted and protruding inner-core rotary tech-
niques in stiff highly plastic clays can cause significant reductions in strength and 
stiffness, when compared to results obtained from hand-cut block samples. Therefore, 
although rotary coring is effectively a non-displacement technique, evidence suggests 
that this method can still cause significant disturbance to stiff highly plastic clays. 
The investigation of the use of tube sampling or displacement techniques is, therefore, 
still appropriate for stiff clays. 
2.5.2 Effect of Idealisations of Sample Disturbance 
Comparative studies are useful in determining the overall effect of sampling dis-
turbance. However, due to the large number of stages and variables involved during 
the sampling process, it is very difficult to isolate which stage of the sampling process 
is causing any individual effect. Therefore, to gain a further understanding of the 
effects of sampling disturbance, researchers have split the sampling process into 
effectively two idealized stages. The first is termed "perfect sampling" (Skempton 
and Sowa, 1963), where sampling is idealized as undrained stress relief from an in-situ 
anisotropic stress condition to an isotropic stress condition in the laboratory. This is 
simulated by reducing deviatoric total stresses to zero, but maintaining an isotropic 
total stress state. In practice, the total stresses are reduced to zero. Perfect sampling 
is therefore a very simplified idealisation of the sampling process. The second 
idealisation is termed "ideal sampling" (8aligh et al., 1987). In the ideal sampling 
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idealisation the strains imposed by drive samplers, as predicted by the strain path 
method (Baligh, 1985), are included together with the stress relief associated with 
perfect sampling. 
Stress Relief Sampling 
The studies that have investigated the effects of stress relief sampling are summarized 
in Table 2.3. All of the clays studied are reconstituted clays apart from those tested 
by Noorany and Seed (1965). Nooranyand Seed used soft clay specimens obtained 
from Shelby tube piston samplers. The results are also summarized in Figure 2.6. 
The results of Skempton and Sowa (1963) and Hight et al. (1985a) relate to perfect 
sampling. The results of Noorany and Seed (1965), Davis and Poulos (1967), Kirk-
patrick and Khan (1984), and Kirkpatrick, Khan and Mirza (1986), relate to complete 
stress relief, where the total stresses were reduced to zero. 
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Table 2.3: Summary of Effects of Stress Relief on Some Mechanical 
Properties of Various Clays. 
Soil p' 0 Peak Peak E 
T:te OCR Ratio Strength Strain Ratio Ref. (PL, L) Ratio Ratio 
or (PI) 
Weald Clay 1.0 0.94 1.00 -- -- Skempton 
(22,46) 0.96 0.97 1.32 -- &Sowa 
0.98 1.00 1.35 -- (1963) 
0.98 0.98 1.12 
--
0.98 0.98 1.39 --
2.0 1.00 1.03 0.88 
--
14.0 1.06 1.08 -- --
Kaolin(30) 1.0 0.14 0.39 2.70 0.14 Kirkpatrick 
Illite (40) 1.0 0.23 0.52 2.40 0.28 & Khan(1964) 
Kaolin(30) 2.0 0.25 0.39 1.32 0.32 Kirkpatrick 
Illite~40~ 3.0 0.65 0.50 2.10 0.26 & Khan(1986) 
Illite 40 5.0 0.91 0.86 1.10 0.94 
N.Sea Clay 1.0 0.72 0.88 8.00 0.11 Hight et a1. 
(15,32) 7.4 0.96 1.00 1.00 1.00 (1985b) 
Soft Clay 1.0 -- 0.94 1.00 0.94 Nooran~& 
(43,88) 1.0 -- 0.96 1.10 0.86 Seed (1 65) 
Kaolin 1.0 0.45 0.81 -- -- Davis & 
(33,55) Poulos (1967) 
Noorany and Seed (1965) and Davis and Poulos (1967); stress relief is total 
stress relief. 
Kirkpatrick and Khan (1984) investigated the influence of stress relief on normally 
consolidated reconstituted Kaolin (PI = 30) and Illite (PI = 39). Stress relief was 
simulated by first reducing the deviatoric stresses to zero, then reducing the isotropic 
total stresses to zero. In this way stress relief as it occurs in the field was simulated. 
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NELSON, J.D., BRAND, E.W., MOCH, Z.C., and MASON, J.D., (1971), "The use 
of Residual Effective Stress to Define Sample Quality," Proc., Speciality Session 
on Quality in Soil Sampling, 4th Asian Conf., Int. Soc. Soil Mech. and Found. 
Engng., Bangkok, pp. 82-87. 
From the measurements of the pore pressures during this undrained un-loading, 
average values of both A u and B u were measured. B u values measured were close to 
unity for both clays. The value of the negative pore pressure immediately at the end 
of the total stress relief, was found to be close to the negative of the average in-situ 
effective stress. With time, however, these pore pressures were found to increase, 
indicating that the soils tested were not able to sustain these suctions (approx. 
150kPa). Hight, Gens and Jardine (1985b), in a discussion to the paper by Kirkpatrick 
and Khan (1984), commented that natural low plasticity clays are able to retain the 
suctions induced by stress relief more readily than clays manufactured from single 
minerals. Thus they suggested that the magnitudes of the reductions in effective 
stress, strength and stiffness, may not be so severe for natural clays. If the results in 
Table 2.3 and Figure 2.6 which have been obtained from single mineral clays, are 
ignored (Davis and Poulos, 1967, Kirkpatrick and Khan, 1984 and Kirkpatrick et aI., 
1986), the scatter in results is reduced. It would also indicate that the magnitude of 
the effect of stress relief is small compared with that of actual sampling (Figure 2.5). 
Results from actual sampling for all types of clays show a reduction in both strength 
and stiffness. This is in contrast with the effects due to stress relief, which yield an 
increase in the initial effective stress and strength in some overconsolidated clays. 
Table 2.3 and Figure 2.6 would also indicate that block samples will have been 
affected to a minimal extent due to stress relief. If the results which relate to single 
mineral clays are ignored only one set of results relating to total stress release remains 
(Noorany and Seed, 1965). 
The validity of the perfect sampling idealisation is based on there being no change 
in effective stress in the sample when the isotropic stresses are reduced to zero. For 
this criteria to be maintained, the sample must be saturated and the soil should be 
able to maintain a suction. Figure 2.7 shows theoretical suctions in a clay soil due to 
total stress relief. The suctions are based on Skempton's pore pressure parameters 
(Skempton, 1954), for a saturated material behaving in an elastic manner during total 
stress relief. For example, a normally consolidated soft clay at a depth of ten metres 
(0 ~ = 1 OOkPa) would need to sustain a suction of approximately 67kPa, while a heavily 
overconsolidated clay at the same depth would need to sustain a suction of 
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approximately 167kPa for there to be no change in effective stress in the sample. 
Bishop, Kumapley and EI-Ruwayih (1975) stated that there appears to be two factors 
which affect the attainable suction in a soil. These are: 
1) failure of the pore water in tension (cavitation); and 
2) rupture of a pore water meniscus and the consequent ingress of air into the pore 
space (desaturation). 
Predie ted 
Sue tion 
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Figure 2.7: Predicted Suctions due to Total Stress Relief 
(Pore Pressure Parameters B = 1, A = 1/3). 
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The pore water will be in tension, and cavitation may occur when the suction is less 
than minus one atmosphere (-lOOkPa), (Lambe and Whitman, 1979). Rupture of a 
pore-water meniscus occurs when the surface tension forces are exceeded. The 
surface tension forces are dependent on the pore size of the soil (Lane and Washburn, 
1946). This relationship is shown in Figure 2.8 (taken from Hight and Burland, 1990), 
which shows the sustainable suction versus the pore-diameter of soil type. This Figure 
shows that uniform clays with a pore-diameter less than 0.001mm can sustain suctions 
lower than 250kPa. However, for coarse silts and silty sands, significant suctions 
cannot be maintained. 
If a soil is unable to sustain the imposed suctions due to relief of the total stresses, 
then desaturation of the sample will occur. Desaturation propagates from the 
boundary of the sample, causing a change in volume and effective stress. Desaturation 
will occur across fissures and across laminations where different pore-size soils exist 
in the same sample. The possible cavitation and desaturation in a sample are 
important aspects associated with stress relief, and yet are not included in the perfect 
sampling idealisation. Therefore although the use of the perfect sampling idealisation 
remains, it is important to be aware that it is a gross simplification of the sampling 
process. 
Hight et al. (1985a) investigated the effects of perfect sampling on low and medium 
plasticity reconstituted North sea clay (see Table 2.3 and Figure 2.6). Hight et al. 
(1985a) used the concept of a small strain zone to indicate the effects of perfect 
sampling on normally and overconsolidated soils. The small strain zone is a region 
around a point in stress space, within which strains accompanying stress changes from 
that point are less than a limiting value (Baldi et al., 1988). Hight et al. (1985a) stated 
that the small strain zone appears to be carried around in stress space. The changes 
of stress-strain properties can be viewed in terms of two indices (E u) 0.0 I" I P ~ and 
L[- (E u)o.I"/(E U)O.OI"]' as proposed by Jardine (1985). E u is the undrained 
secant stiffness at specific strains, and P ~ is the initial mean effective stress prior to 
shear. The first index provides a measure of small strain zone. The second index, L, 
is an indicator of non-linearity in the stress-strain behaviour. The effect of perfect 
sampling on a normally and heavily overconsolidated reconstituted clay is shown in 
Figure 2.9. The undrained effective stress path for the normally consolidated clay 
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Figure 2.8: Sustainable Suctions as a Function of Pore-Diameter, 
After Hight and Burland (1990). 
acts as a bounding surface. The path for the normally consolidated soil after perfect 
sampling has moved inside the bounding surface, and as a consequence the peak 
undrained strength is reduced. The small strain zone has been modified due to perfect 
sampling of the normally consolidated sample and as a consequence the size of the 
value of (E u) 0.0 1" / P ~ is increased while the value of L decreased. For the over-
consolidated sample the first section of the stress path following perfect sampling is 
the same as the stress path for the undisturbed sample. Therefore, there is no 
significant change in undrained strength. However, as part of the small strain zone 
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is traversed during perfect sampling, both indices are modified; ( E) / p' is 
u 0.01% 0 
reduced, and Lis increased. Hight et al. (1985a) attempted to fit the perfect sampling 
idealisation into a framework of soil behaviour as well as simply stating the observed 
changes in strength and or stiffness characteristics. 
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Figure 2.9: Perfect Sampling and Small Strain Zones, 
After Hight et al. (1985a). 
Ideal Sampling 
s' 
The second idealisation of tube sampling together with stress relief, termed ideal 
sampling, was first implemented by BaUgh et al. (1987). The ideal sampling ideali-
sation was applied to reconstituted Boston Blue clay (LL=42, PI =20), normally 
consolidated under K 0 conditions. Three sets of tests were conducted, namely: 
1) undrained shearing to establish the undisturbed behaviour; 
2) tube penetration disturbances plus undrained shearing (tube sampling); and 
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3) tube penetration disturbances plus deviatoric stress relief plus undrained 
shearing (ideal tube sampling). 
Tube penetration disturbances are simulated by applying a cycle of axial strains to 
the sample in compression, extension, and then compression. These strain path 
excursions are the axial strain history that a soil element at the centre-line of a drive 
sampling tube is subjected to, (Baligh, 1985). In these tests, the strain path excursions 
were ± 1.0%. The results ofthese tests were also compared with results of "perfectly 
sampled" specimens and specimens obtained from thin-walled Shelby tubes samples 
(B /t = 40-47, ICR = 0.5-1.5 % ). Baligh et al. (1987) predicted that a thin-walled Shelby 
tube, with these characteristics, would impose an axial strain history of ± 1.0% on a 
soil sample. The results have been summarized in Table 2.4. 
The results in Table 2.4 indicate that perfect sampling underestimates the severity 
of sample disturbance when compared with actual tube sampling. However, the 
results from the ideal tube sampling tests are comparable with the severity of the 
sample disturbance associated with actual tube sampling. From these results Baligh 
et al. (1987) also concluded that apart from the small strain stiffness, the effect of 
tube penetration disturbances and ideal tube sampling are effectively the same. They 
therefore concluded that the sampling disturbances predicted by ideal tube sampling 
are primarily due to tube penetration effects, rather than to stress relief. It is inter-
esting to note that the magnitude of the increase in peak strain obtained by Baligh 
et al. (1987) is much larger than any increase reported by any of the comparative 
studies from actual tube sampling. The strain at peak strength of the reconstituted 
Blue Boston clay was reported as 0.16%. This indicates that the imposed strain cycles 
during the ideal tube sampling were well in excess of the yield strains of the soil. 
Table 2.4 indicates that the stiffness of a specimen which was subjected to tube 
sampling strains only, was less than a specimen which was subjected to ideal sampling. 
However, Baligh et al. gave no reason for this. If the two different stress paths are 
viewed in terms of the small strain zone (Hight et al., 1985a), then a possible 
explanation arises. The stress and strain paths, and predicted positions of the small 
strain zone, are shown in Figure 2.10. Path ABCD represents the specimen subjected 
to tube strains only, and DJ is the corresponding undrained shearing to failure. Path 
ABCDE represents the specimen subjected to ideal tube sampling and EJ is the 
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Table 2.4: Summary of Effects of Ideal Tube Sampling on Some Mechanical 
Properties of Various Reconstituted Clays. 
Soil Lab. P~ Peak 
Type Test Ratio Strength 
(PL,LL) Ratio 
Recon. Actual 0.29 0.75 
Boston Perfect 0.95 0.86 
Blue Clay Tube 0.41 0.79 
(22,42) Ideal 0.43 0.82 
Recon. +2.0-1.0 0.63 0.93 
London + 1.0-1.2 0.74 0.94 
Clay +0.5-1.4 0.76 0.96 
(24,69) +0.5-0.6 0.83 1.01 
+0.3-0.3 0.89 0.98 
Recon. = reconstituted clay 
Actual = results from actual tube samples 
Perfect = perfect sampling 
Tube = tube sampling strains only 
Ideal = ideal tube sampling 
Peak 
Strain 
Ratio 
31.2 
2.4 
27.2 
27.6 
2.9 
2.3 
3.1 
2.2 
1.3 
e.g. + 2.0-1.0 = applied strain path excursions. 
E Ref. 
Ratio 
0.19 Baligh 
0.79 et al. 
0.25 (1987) 
0.05 
0.25 Siddique 
0.23 (1990) 
0.15 
0.38 
0.51 
corresponding undrained shearing to failure. From the predicted positions of the 
small strain zone, it is clear that the small strain stiffness of the specimen sheared 
from point E, will be greater than for the specimen sheared from point D. 
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Figure 2.10: Concept of Small Strain Zones to Indicate Behaviour of Specimens 
Subjected to Ideal Tube Sampling. 
A similar study was conducted by Siddique (1990), on reconstituted normally con-
solidated London clay (LL=69, PI =45). The effect of tube sampling strains only 
were investigated, with disturbed specimens being sheared undrained from their 
stress condition following tube sampling, without stress relief. Tube sampling dis-
turbances caused significant reductions in the mean effective stress. Siddique 
observed no significant difference in undrained strength between the undisturbed 
and disturbed specimens. This is in contrast with the results presented by Baligh et 
al. (1987), and is attributed to the higher plasticity of the London clay. An increase 
in strain at peak strength and reduction in initial secant modulus was reported. These 
characteristics were the same as those reported by Baligh et al. (1987), but the 
magnitudes were not as severe. Siddique did not apply the same magnitude of 
compressive and extensive strain during the strain paths. The values were varied in 
an attempt to simulate the effects of realistic sampler geometries, and to investigate 
the effects of different strain path excursions. The results are summarized in Table 
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2.4 and Figure 2.11. It can be seen from Table 2.4 and Figure 2.11 that as the 
magnitude of the imposed strain cycles increases, so the measured disturbance 
generally increases. This trend is not true for the third point in Figure 2.11, which 
corresponded to a strain path excursion of + 0.5,-1.4%. If the strain path corre-
sponding to this test is plotted together with the strain paths for the undisturbed 
samples, it can be seen that the strain path touches the yield surface in triaxial 
extension. Since none of the other tests touched the yield surface in triaxial extension, 
this may account for the higher degree of disturbance associated with this test. 
Lacasse and Berre (1988) reported the effects of ideal tube sampling on normally 
consolidated and overconsolidated (OCR = 2.5) plastic Drammen clay (PI = 27). The 
specimens were natural clays that were consolidated under K 0 conditions past their 
preconsolidation pressure, to remove the effects of sampling. Strain path excursions 
of ± 1 % were imposed on specimens. Specimens were then reconsolidated to their 
stress condition prior to straining, before being sheared undrained. There was no 
simulation of stress relief as with perfect sampling, and the reconsolidation caused 
volumetric straining of the specimens. Lacasse and Berre stated that this is simulating 
what would happen when a tube sample is taken in the field, and then reconsolidated 
in the laboratory back to in-situ stresses. The following preliminary conclusions were 
reported: 
1) reconsolidation, following tube sampling disturbances, imposed 1.0% and 
0.13% volumetric strains on the normally and overconsolidated specimens 
respectively; 
2) for both the normally and overconsolidated specimens in triaxial compression, 
peak shear strength was about the same for the disturbed and undisturbed tests, 
while the initial moduli were much lower for the disturbed tests; 
3) ultimate shear strengths at high strains were higher for the disturbed tests; and 
4) for both the normally and overconsolidated samples, in triaxial extension, the 
ultimate shear strengths and initial moduli were higher for the disturbed 
compared with the undisturbed specimens. 
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Figure 1.11: Summary of Effects of Ideal Tube Sampling Strains on Normally 
Consolidated Reconstituted London Clay, After Siddique (1990). 
Lacasse and Berre's results highlight the possible implications of reconsolidating 
disturbed samples back to in-situ conditions, even when the volumetric strains are 
small. Although Lacasse and Berre (1988) used natural samples, the use of recon-
solidating the specimens beyond their preconsolidation pressure may have removed 
the influence of the natural clay structure on the results. 
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Hajj (1990) conducted a study to investigate the effects of ideal tube sampling on 
normally and overconsolidated (OCR = 4) reconstituted Speswhite Kaolin. The stress 
and strain paths for the normally and overconsolidated clays are shown in schematic 
form in Figure 2.12. Hajj (1990) applied ideal tube sampling to the specimens where 
the amplitude of the strain path excursion was ± 1.0%. Following the ideal tube 
sampling the specimens were then reconsolidated to the in-situ stresses, by following 
a drained stress path in the same direction as the initial reconsolidation stress path. 
Hajj (1990) stated that this type of reconsolidation was used to minimise the effects 
of recent stress history (Atkinson, Evans and Richardson, 1986, Atkinson, Richardson 
and Stallebras, 1990 and Stallebras, 1990). Hajj found that ideal tube sampling caused 
a 40-60% drop in the mean effective stress for the normally consolidated specimens, 
compared with a drop of less than 10% for the overconsolidated specimens. During 
reconsolidation to the in-situ, stresses there was an average drop in moisture content 
of 1.5% and 0.12% for the normally consolidated and overconsolidated specimens 
respectively. Hajj found that for both the normally consolidated and overconsolidated 
specimens there was no significant change in the small strain stiffness between the 
undisturbed specimen and the specimen subjected to ideal tube sampling and 
reconsolidation. However, at large strains (> 0.1 %), ideal tube sampling and 
reconsolidation caused an increase in peak strength and an increase in stiffness for 
both types of specimen. This was to be expected as reconsolidation would have 
decreased the moisture content of the reconstituted Kaolin specimens. Because of 
the reconsolidation that was applied following ideal tube sampling, it is not possible 
to draw any conclusions as to what effect ideal tube sampling had on the stress-strain 
strength characteristics of the normally consolidated and overconsolidated specimens 
of reconstituted Speswhite Kaolin. 
From the use of these perfect sampling and ideal sampling idealisations, the indi-
cations are that the effects of sampling disturbance can be reproduced. The use of 
the perfect sampling idealisation tends to under-predict the severity of sampling 
disturbance. The complete release of the in-situ stresses to zero is an important aspect 
of the sampling process, and ideally needs to be incorporated into the perfect 
sampling and ideal sampling idealisations. The use of single mineral clays, appears 
to over-estimate the severity of the effects of tube sampling disturbance. The ideal 
sampling idealisation gives predictions of tube sampling disturbance which are 
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Figure 2.12: Effects of Ideal Tube Sampling Disturbance on Normally and 
Overconsolidated Reconstituted Kaolin, After Hajj (1990). 
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comparable with comparative studies of actual tube sampling. The ideal sampling 
idealisation has not been applied to natural clay soils, where reconsolidation beyond 
the preconsolidation pressure is not used, and where the amplitude of the strain path 
excursions is varied. Neither has the ideal sampling idealisation been applied to 
overconsolidated reconstituted clays, where reconsolidation following ideal sampling 
is not used, and where the amplitude of the strain path excursions is varied. 
2.6 ASSESSING AND CORRECfING SAMPLE DISTURBANCE 
Comparative methods, where samples are obtained using different techniques, can 
be used to assess whether any disturbance has taken place. The hand-cut block sample 
or down-borehole block sample can be used as a bench-mark against which to assess 
other methods of sampling. However, these methods of sampling are not always 
available, and hence no bench-mark is always available to ascertain in what way and 
to what extent the sample that is about to be tested has been disturbed. A number 
of approaches to this problem have been suggested, based around direct measure-
ment of soil parameters. In an attempt to correct for sample disturbance, a number 
of approaches based on reconsolidation techniques and normalisation techniques 
have been proposed. These different approaches for assessing and correcting for 
sample disturbance are reviewed below. 
Hvorslev (1949) suggested measuring moisture content in the field immediately after 
sampling, and immediately prior to testing in the laboratory, to establish any sig-
nificant changes in moisture content. In addition, the measurement of volume 
changes between sampling and testing could also be used. However, Hvorslev (1949) 
gave no limits to these measurements. 
Rutledge (1942) suggested a comparison of a voids ratio verses logarithm of pressure 
for a sampled specimen and a remoulded specimen, to indicate whether the sampled 
specimen had been disturbed so much that it behaved as a remoulded specimen. 
Calhoon (1956) proposed an extrapolation method, to obtain the undisturbed 
undrained strength from plots of the voids ratio verses the logarithm of strength. 
However, this method required tests on specimens which were subjected to varying 
degrees of disturbance, where the degree of disturbance could be quantified as a 
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percentage. This method was simplified by Schmertmann (1956) in his discussion to 
Calhoon's paper. Schmertmann suggested drying a sample from its natural moisture 
content to obtain voids ratio at failure versus moisture content profile. From this 
profile, the undisturbed behaviour is extrapolated using a number of reconstructions 
of the voids ratio versus strength relationship. Ladd and Lambe (1963) applied these 
approaches to their strength data on Kawasaki Clay (PI = 31 %-43%), but obtained 
wide variations in strength. 
Ladd and Lambe (1963) made the important distinction between strengths obtained 
from unconsolidated undrained tests, compared with strengths obtained from 
samples isotropically consolidated to the in-situ vertical effective stress. As the 
process of sampling the normally consolidated Kawasaki clay had caused a reduction 
in effective stress, the strengths from unconsolidated undrained tests were too low. 
However, reconsolidation of the samples caused a decrease in moisture content, and 
hence strengths that were too high. Ladd and Lambe advocated the measurement 
of the residual effective stress in a specimen as a standard method of assessing the 
effect of sample disturbance. However, Ladd and Lambe also noted the importance 
of the use of correct values of A u, and K 0, for a given soil, when calculating the 
estimated residual effective stress of a sample. Ladd and Lambe proposed that the 
difference between the measured residual effective stress and the expected residual 
effective stress, was similar to an overconsolidation phenomenon which influences 
the unconsolidated undrained strength. By considering the OCR as being equal to 
the ratio of the expected to the measured effective stress, a relationship for different 
soils was used to correct the unconsolidated undrained strengths. This method 
attributes a difference in strength entirely to a difference in effective stress, Ladd 
and Lambe therefore did not endorse this approach as always being theoretically or 
practically correct. In addition, Ladd and Lambe stated that sensitive clays with any 
form of structure are excluded from consideration in their proposed correction 
method. Adams and Radhakrishna (1971) proposed a similar method based on the 
difference between the estimated and measured residual effective stress. This dif-
ference or loss of suction, was attributed entirely to an increase in moisture content. 
. 
To attribute the loss of suction or a change in effective stress during the sampling 
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process entirely to an increase in moisture content is not an entirely accurate 
statement, and Adams and Radhakrishna stated that this effect would not necessarily 
be true for sensitive or badly disturbed materials. 
Nakase, Kusakabe and Nomura (1985) proposed a correction for undrained strength 
for normally consolidated reconstituted Kawasaki clay of varying plasticities 
(PI = 5 %-60%). A correction factor for estimating the undrained shear strength of a 
perfect sample, was based on the measured values of strength, plasticity, secant 
modulus at half peak strength, and in-situ effective overburden pressure. The 
accuracy of this correction was in the range of±10% for the Kawasaki clay. Nakase 
et al. addressed the importance of the plasticity in any form of correction. However, 
their correction factor could not be applied to Boston Blue clays (PI =20%). Nakase 
et al. acknowledged the sensitivity of stiffness to sample disturbance and stated that 
the relationship of stiffness to sensitivity that they used in their correlation, may not 
be applicable to other types of clays. 
Measurement of changes in moisture content and residual pore pressure are the only 
methods of assessing how much disturbance has taken place. However, it is not clear 
exactly what effect these changes have, on strength and stiffness properties. There 
seems to be no satisfactory correlation for correcting undrained shear strengths for 
sample disturbance, applicable to all types of clays. However, the use of the 
afore-mentioned correlations may work for normally consolidated clays of low 
sensitivity. No attempts have been made to correct for the effect of sample dis-
turbance on stiffnesses. 
Raymond et al. (1971) applied hydrostatic isotropic consolidation pressures to 
samples of sensitive Leda clay. The ratio of undrained stiffness to undrained strength 
was close to undisturbed behaviour, when disturbed samples were consolidated to 
50-75% of their preconsolidation pressure. When the consolidation pressures 
exceeded the pre consolidation pressure, there was a dramatic decrease of the 
stiffness-strength ratio, indicating a break-down in the structure of the sensitive clay. 
Kirkpatrick and Khan (1984) used two values of isotropic consolidation pressures on 
reconstituted normally consolidated Kaolin and Illite. One was equal to the vertical 
preconsolidation pressure, while the other was equal to the positive value of the 
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negative pore pressure, as measured immediately after perfect sampling. These 
consolidation procedures caused under-estimations and over-estimations of undis-
turbed strengths respectively. In addition, strains at peak strength were over-esti-
mated by both methods. Kirkpatrick and Khan (1984) also used anisotropic 
techniques to reconsolidate samples toK 0 in-situ stresses. Two methods were used: 
one was to follow the K 0 stress path using progressive incremental consolidation; 
and the other method first applied a isotropic stress, in one stage, followed by a 
deviatoric stress increment. Both these methods produced similar and better results 
than isotropic consolidation, in reproducing undisturbed strength behaviour. How-
ever, there was no improvement in the forms of stress-strain data. Similar anisotropic 
reconsolidation procedures were applied by Kirkpatrick and Khan (1986) to 
overconsolidated samples of Kaolin and Illite. Similar results were obtained, with 
better agreement in simulating undisturbed behaviour, but strains at peak strengths 
were still over-estimated. 
Volumetric strains occurring during reconsolidation have been used to assess the 
effect of sample disturbance (Lacasse and Berre, 1988). However, it is not known 
what effect these volumetric strains during reconsolidation, have on subsequent 
undrained behaviour. Kirkpatrick and Khan (1986) stated that the effect of these 
volumetric strains was not as important as re-imposing the correct in-situ stresses. 
Graham and Lau (1988) investigated the effects of perfect sampling on reconstituted, 
normally consolidated and overconsolidated Illite. The volumetric strains that 
occurred during anisotropic reconsolidation were quoted, but not correlated in any 
way to subsequent behaviour. For the normally-consolidated samples, there was a 
0.3% to 1.8% reduction in volume during reconsolidation, but stiffnesses and 
strengths remained lower than undisturbed samples during subsequent undrained 
shearing. For the overconsolidated samples, the volumetric strains were very close 
to zero, and yet there were still significant differences in undrained behaviour 
compared to undisturbed samples. Therefore, at present, the use of volumetric strain 
measurement during reconsolidation, has not been quantified in terms of its effect 
on subsequent undrained behaviour. 
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Anisotropic reconsolidation to in-situ stresses is a preferred method compared with 
isotropic reconsolidation. However, Baldi et al. (1988) indicated the importance of 
the method by which the anisotropic stresses are re-imposed (Figure 2.13). Water 
content changes should be kept to minimum, by keeping the reconsolidation path 
inside the yield surface. A further constraint on the reconsolidation path is imposed 
when attempting to measure the stress-strain response. This is shown in Figure 2.14, 
where the effects of approaching a point in stress space are expressed by the size and 
shape of the small strain zone for a lightly overconsolidated clay. To restore the 
in-situ small strain zone, the reconsolidation path needs to follow the same recon-
solidation path as has occurred in situ. Atkinson et al. (1990) conducted a series of 
stress path tests on reconstituted overconsolidated (OCR =2) London clay (LL=70, 
PI =43), to investigate the effects of recent stress history. All tests started from the 
same stress state, and differed only in that the preceding paths approaching the 
starting point were different. The results showed that these differing stress histories 
had a major influence on the stress-strain behaviour. Similar tests were carried out 
on other clays of varying plasticities. The same sort of behaviour was observed, 
although the variations in stiffness were different. However, Atkinson et al. concluded 
that the variation in stiffness between two different stress history paths increased 
with increasing plasticity. 
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Ladd and Foott (1974) proposed the SHANSEP (Stress History and Normalized Soil 
Engineering Properties) method for correcting for the effects of sample disturbance. 
This method is based on two concepts. The first is that the soil exhibits normalised 
stress-strain and strength behaviour. The second is that anisotropic reconsolidation 
of the soil to 1.5 to 2 times the in-situ vertical effective stress, eliminates the effects 
of any sample disturbance. Baligh et al. (1987) found that the SHANSEP method 
could be successfully applied to Blue Boston clay to eliminate the effects of sample 
disturbance. However Ladd and Foott (1974) stated that this technique could only 
apply to clays that exhibit normalized behaviour where there is no effect in undrained 
properties due to structure. Leroueil et al. (1979) conducted consolidation tests on 
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natural sensitive Champlain clays, to investigate the effects of destructuring on the 
mechanical properties. Leroueil et al. concluded that consolidation to stresses in 
excess of the in-situ stresses, strongly modifies the mechanical properties of these 
natural clays. 
At present, no method for completely correcting for sample disturbance is satisfac-
tory. The use of anisotropic reconsolidation does not completely solve the problem, 
because of the volumetric strains that reconsolidation can incur. The effects of the 
direction of the stress path can be interpreted using the concept of the small strain 
zone. The use of reconsolidation techniques beyond the in-situ stresses can only be 
used where normalisation procedures are known to be correct for a particular soil 
type. 
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CHAPTER 3 
ANALYTICAL AND NUMERICAL ANALYSIS 
OF TUBE SAMPLING STRAIN PATHS 
3.1 INTRODUCTION 
Baligh (1985) presented a solution to the strains imposed on a soil sample by a tube 
sampler. These solutions were based on the idealized profile of a sample tube, 
obtained from the superposition of a single ring source and a uniform flow. The 
profile obtained using this solution is termed the simple sampler. Because of the 
idealized shape of the simple sampler, it was not certain that this solution was directly 
applicable to the field sampling methods (La Rochelle et aI., 1985 and Teh, 1987). 
Siddique (1990) presented solutions to the strains imposed on a soil sample by tube 
samplers having realistic cutting shoe geometries. These solutions were based on 
numerical finite element techniques. There were significant differences between the 
axial strain history predicted using these two techniques. Either the numerical finite 
element techniques used by Siddique (1990) were grossly in error, or in fact the 
idealized solution used by Baligh (1985) was not entirely valid for field samplers. 
To ascertain whether the numerical finite element techniques used by Siddique 
(1990) were valid, it would be necessary to obtain the profile of the simple sampler, 
and model it using the same numerical finite element techniques used by Siddique 
(1990). 
This Chapter looks at the sources of errors associated with the two techniques for 
predicting tube sampling strain paths. A solution to the simple sampler is presented, 
based on the use of Bessel functions. A technique for calculating the axial strain 
history based on the velocity of the streamlines is presented. A check is made on the 
axial strain history at the centre-line of the simple sampler, as presented by Baligh 
(1985) and Baligh et al. (1987). The profile of the simple sampler is modelled using 
finite element techniques, the same as those used by Siddique (1990). 
67 
3.2 TECHNIQUES FOR PREDICTING TUBE SAMPLING STRAIN PATHS 
The two techniques that exist for predicting the strains imposed on a sample of soil 
as a tube sampler is driven into the soil, have been presented in Chapter 2. Baligh's 
(1985) and Chin's (1986) solutions are analytical solutions, based on the idealized 
superposition of a single ring source and a uniform flow. Because of the uncertainties 
of the boundary conditions and the idealized shape of the sample tube, it was not 
certain that this solution was directly applicable to the field sampling methods (La 
Rochelle et al., 1985). Siddique's (1990) solutions are numerical finite element sol-
utions, and model realistic sample tube geometries. 
An inherent problem with the use offinite elements, is the possible errors associated 
with this technique. Hinton and Owen (1979) stated that there are four main cat-
egories of error that can occur in a finite element analysis, namely: 
1) idealisation errors - due to the mathematical modelling of the physical reality; 
2) discretisation errors - due to replacing a continuous mathematical model with 
a discretized model; 
3) manipulation errors - due to the use of a digital computer to solve the algebraic 
equations of the discretized model; and 
4) output interpretation errors - due to the subjective way in which finite element 
output can be interpreted. 
Deep penetration of a sampler can be reduced to an axisymmetric problem of 
irrotational steady flow, of an incompressible, inviscid fluid around a sampler. This 
considers the soil to be shearing undrained, with no effect due to viscosity or inertia. 
The mathematical model of this behaviour is given by the general differential 
equation governing the steady-state flow through a soil mass: 
d{ dIP} d{ dIP} d{ dIP} 
- K - +- K - +- K - +Q=O dx "dx dy Ydy dz zdz ... Eqn. 3.1 
K" , K Y and K Z represent the permeabilities in the x, y and z directions 
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respectively, cp is the fluid potential or piezometric head, and Q is the internal flow 
source. The differential equation is solved together with the appropriate boundary 
conditions. Once the equation is solved, to obtain values of potential, the flow vel-
ocities within the problem can be obtained directly: 
ocp 
V =-K -x xox 
ocp V =-K -
y Yoy ... Eqn. (3.2) 
The solution for axisymmetric problems, is a specific form of this general differential 
equation. Both the analytical solution and the finite element solutions are solving 
this differential equation. Therefore any idealisation errors associated with using this 
differential equation are inherent for both techniques. Neglecting friction between 
the soil and sampler, whether steady-state conditions exist or whether the behaviour 
is entirely deformation dependant, are things that have not been addressed by either 
of these two approaches because of the form of the differential equation being 
analyzed. 
Siddique (1990) addressed the problem of discretisation errors. He noted that a 
streamline touching the tip of the sample tube should, for a perfect fluid solution, 
follow the inside edge of the sample tube. However, analysis of the finite element 
solution indicated that this streamline was separating from the inside edge of the 
sample tube. Siddique (1990) attributed this error to the use of elements to model 
a continuous media. In order to minimise this error a number of techniques were 
used, namely: 
1) the number of elements in the mesh was at least 2000; 
2) the type of element was a high order 9-noded axisymmetric field element; 
3) the mesh was refined in areas near the edges and bottom of the sampler; and 
4) the boundaries were fixed far enough away, so as not to interfere with the area 
of interest. 
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These methods did not entirely reduce the errors to acceptable levels, so the 
calculated velocities for nodes on the inside of the sampler were manually corrected. 
This ensured that a streamline touching the tip of the sample tube followed the inside 
edge of the sample tube. 
The output from the finite element package, produced a value of flow velocity at 
each node, for each element in the vertical direction. From this data, Siddique (1990) 
used a number of numerical procedures to obtain the axial strain history for soil 
elements at various distances from the sample tube centre-line. These numerical 
procedures can be summarized as follows: 
1) the flow velocity in the vertical direction was averaged for each node for each 
element; 
2) a linear variation of vertical flow velocity was assumed between two successive 
nodes; 
3) the value of the stream function at all nodes on the centre-line of the sampler 
was assumed to be zero; 
4) the flow increment between two consecutive nodes was computed by integrating 
the velocity profile over the corresponding area between these nodes; 
5) the value of the stream function at all nodes of the mesh was obtained by adding 
the value of the stream function of the previous node to the incremental value 
of stream function between two consecutive nodes; 
6) stream function values at ten locations (10%, 20%, 30%, 40%, 50%,60%, 70%, 
80%, 90% and 100% of the cutting shoe radius from the centre-line of the 
sampler) were calculated, assuming a parabolic variation of stream function; 
7) the position ofthese streamlines within the remainder ofthe mesh were located; 
8) the radial strain at all points on the bottom boundary of the mesh was assumed 
to be zero; 
9) for anyone of the ten streamlines, the radial strains at all other depths were 
estimated by comparing its position with that on the bottom boundary; and 
10) assuming zero volumetric strain for the problem, the axial strain was calculated 
as twice the negative value of the radial strain. 
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Siddique (1990) stated that he assumed zero volumetric strain, because his data was 
produced to give input for stress path triaxial tests, where radial variations in strain 
cannot be applied to a triaxial specimen. This assumption of zero volumetric strain 
was only reasonable for the middle 50% of the sample, where the radial strain was 
found to be approximately equal. Thus Siddique's interpretation of the data may not 
be correct for all areas of the flow domain. 
These numerical procedures, together with the use of discretized finite elements, 
introduce errors which cannot be quantified. The analytical solutions do not involve 
the use of discretized elements. However, the analytical solutions would involve some 
form of manipulation of numbers. This would normally be done using a computer. 
Therefore, although the analytical solutions are taken to be exact solutions, errors 
can still occur due to the numerical manipulation of numbers. Despite this, in order 
to determine whether the errors associated with the numerical finite element tech-
niques used by Siddique (1990) are significant, it is necessary to make a direct 
comparison with the analytical solutions. To make a direct comparison would require 
the following: 
1) obtaining the analytical profile of the idealized simple sampler (superposition 
of a ring source with a uniform flow); 
2) modelling this profile using the LUSAS finite element package, using similar 
element type and number and mesh size as used by Siddique (1990); and 
3) obtaining the axial strain history using the same numerical procedures as Sid-
dique. 
3.3 ANALYTICAL ANALYSIS 
In order to obtain the analytical profile of the idealized simple sampler, it was 
necessary to obtain a solution to the superposition of a ring source and a uniform 
flow. Chin (1986) used a solution based on Elliptic integrals (Kuchemann and Weber, 
1953). A solution using Bessel functions (Weinstein, 1946) is presented in the fol-
lowing sections. 
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3.3.1 Use of Bessel Functions 
Bessel functions are power series which can be applied to applications in engineering 
(Watson, 1922, McLachlan, 1955 and Bowman, 1958). The Bessel function of zero 
order is denoted by J 0 (x), and defined by the infinite power-series: 
£qn. (3.3) 
Ifu r denotes therth term, then: 
which ~ 0 when r ~ 00, whatever the value of x. As a consequence, the series con-
verges for all values of x, and since it is a power series, the function J 0 ( x) and all 
its derivatives are continuous for all values of x. 
Ifn, is a positive integer, the Bessel function of ordern, denoted byJ n (x), is defined 
by the infinite power-series: 
xn {X2 X4 } J x =--}- + -
n( ) 2"n 2.2n+2 2.4.2n+2.2n+4 ... ... Eqn. 3.4 
which converges for all values of x. In particular when n = 1: 
... Eqn. (3.5) 
The graphs ofJ 0 (x) andJ J (x), are indicated in Figure 3.1. Values ofJ 0 (x) and 
J J (x), are normally presented in tabular form. 
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Weinstein (1946) considered a ring source at a radius ofb, from the z-axis, emitting 
flow in all directions. The equation defining the value of the stream function at any 
point in the problem (Figure 3.2), is given by: 
'¥(p, z) - 2nbpsqn(z) ito e-xlzlJ o(bx)J 1 (px)dx ... Eqn. (3.6) 
where: 
{ l,z>O} sqn(z)'" 0 
- I, z < 
this gives: 
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lim f "" - II {2nb P>b} 'V(p,z)=2nbp e xZJo(bx)JJ(px)dx= ' 
o O,p<b 
and 
lim 1"" -xlzi {-2nb,p>b} 'V(p,z)=2nbp e Jo(bx)JJ(px)dx= o O,p<b % .... 0 
Therefore, 'V (p, z) is continuous acrossz = 0 forp < b, but jumps in value by4nb 
for z > 0 wherep > b. 
The equation defining the value of the stream function for a uniform flow of velocity 
U, in an axisymmetric problem, is given by: 
... Eqn. (3.7) 
A computer program has been written in Fortran 77 for use with a Prime 9750, and 
used to solve and superimpose Equations 3.6 and 3.7. Values for J 0 (x) andJ I (x) 
were obtained using routines derived from the NAG (Numerical Algorithm Group) 
library. A listing of the computer program is shown in Appendix A. In this way, the 
value of stream function at any position in the problem could be obtained. Thus the 
position of the unique streamline that defined the profile of the simple sampler could 
be obtained. 
In addition to the value of the stream function for the ring source Weinstein (1946) 
stated that the velocityu, in the vertical direction on the z-axis due to the ring source, 
is given by: 
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2nbz 
U(O,Z)= 3/2 (z2+b 2) 
... Eqn. (3.8) 
Considering a single streamline which is very close to the axisymmetric centre-line 
(see Figure 3.3), the value of the streamline at any two points along the z-axis can 
be given by: 
1V=np~Vo 
or 1V = np ~V z 
therefore: 
(V) 1/2 P z 0 -= -Po V z 
by definition the radial strain is given by: 
E = r 
therefore: 
Po 
( VO)I/2 E = - - I r V z 
and considering no volume change: 
... Eqn. (3.9) 
Using the solutions defined by the Equations 3.8 and 3.9 (with V 0 = U), the axial 
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strain history for a soil element on the centre-line of a simple sampler of dimensions 
B / t, was obtained. 
3.3.2 Strain Paths for the Simple Sampler 
The axial strain history obtained using the above procedures was compared with that 
obtained by Baligh (1985) and Baligh et al. (1987), and is shown in Figure 3.4. The 
solutions compare favourably. The solutions given by Baligh et al. (1987) differ 
slightly from those presented by Baligh (1985). The solutions obtained here, are in 
better agreement with those presented by Baligh et al. (1987). This can be clearly 
seen by the positions of the peak compressive and extensive strains shown in Figure 
3.4. Thus the use of Bessel functions has successfully allowed a check on the work of 
Baligh (1985) and Chin (1986), and has shown agreement with the solutions of Baligh 
et al. (1987). 
Using the Bessel functions solution it was possible to obtain the profile of a simple 
sampler. A simple sampler having aB / t = 10, (B = 1 I .7, t = 1 . I 7), is shown in 
Figure 3.5. This corresponds to a ring source at a radiusb = 5.0, and a uniform flow 
ofvelocityU = 10. 19. The parameters for this simple sampler are AR=40.3%, and 
ICR=3.5%. The profile of this sampler is shown for a height z = 25.0, 
(z / B = 2. I 4). At this height, the inside and outside edges of the sampler are not 
vertical. The inside radius is continuing to increase. This can be seen in Figure 3.6, 
which shows a distorted profile of one-half of the axisymmetric simple sampler. Figure 
3.6 also shows the inside clearance of the simple sampler. The inside radius continues 
to increase up to z = I 00 (z / B = 8.55). The simple sampler profile shown in 
Figure 3.5 was the one chosen to be studied using finite element techniques. 
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3.4 NUMERICAL ANALYSIS 
In order to determine whether the finite element numerical techniques used by 
Siddique (1990) were accurate, it was necessary to analyse the profile of the simple 
sampler using the same techniques. The results from this numerical analysis could 
then be compared directly with the analytical analysis as presented above. The fol-
lowing sections describe the finite element analyses used to model the simple sampler, 
and the methods used to obtain the strain paths. 
3.4.1 Finite Element Model 
Siddique (1990) conducted his finite element analysis using the LUSAS finite element 
package (version 86.07). He used a steady state field (thermal) analysis to model the 
irrotational steady flow of an incompressible, inviscid fluid, around a sampler under 
conditions of axial symmetry. The theory incorporated in the LUSAS analysis system 
to predict flow velocities from a steady state field analysis is fully detailed by Siddique 
(1990). Siddique (1990) advised that at least 2000 9-noded quadrilateral axisymmetric 
field elements should be used, that the mesh should be fine near the edges and bottom 
of the sampler, and that boundaries should be far enough away as not to interfere 
with the areas of interest. 
The simple sampler was modelled using the finite element meshes shown in Figures 
3.7 and 3.8. These meshes were chosen to have similar geometries as those used by 
Siddique (1990). The geometries of the two meshes compared to typical geometries 
of meshes used by Siddique (1990), are given in Table 3.1. The two meshes are 
essentially the same, apart from the positions of the boundaries BC and CD. A value 
of fluid potential ( 4> ) equal to 1000 was used for boundary Be. A value of 4> = 0 was 
used for boundary DE. Similar to Siddique's (1990) analyses to model piston 
sampling, the value of4> along boundary AF had to be set to minimise the total axial 
deformation along the boundary. Details of the values of4> for boundary AF as used 
for the two meshes are given in Table 3.2. The simple sampler has a rounded profile 
at the tip. The finite elements used had straight sides, which introduced discretisation 
errors. 
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Figure 3.7: Finite Element Mesh With 1784 9-noded Axisymmetric Field Elements 
for Modelling the Simple Sampler. 
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for Modelling the Simple Sampler. 
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Table 3.1: Geometry of Finite Element Meshes. 
No. Of Location of Location of 
MESH Elements Boundary BC Boundary CD 
(Element (z/B) (H/R) 
Type) 
Siddique (1990) >2000 -2.0 3.~4.0 
(Typical Mesh) (QXF9) 
Simple Sampler 1784 -2.1 4.4 
(Figure 3.7) (QXF9) 
Simple Sampler 2444 -3.0 5.6 
(Figure 3.8) (QXF9) 
H - Distance from centre-line to boundary CD 
R - Inside radius of sampler at boundary AF 
Table 3.2: Details of Boundary Conditions for Numerical Analysis of Simple 
Sampler. 
MESH Value of Axial Deformation 
SIZE <PM Along Boundary AF 
1784 Elements 17.5 O.2mm 
2444 Elements 7.5 0.9 mrn 
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3.4.2 Computation of Strain Paths 
The finite element analyses were executed using the same version of LUSAS as used 
by Siddique (1990). These analyses gave an output of flow velocity in the vertical 
direction for each node. Siddique (1990) had written a number of programs in 
FORTRAN 77 to determine the axial strain history at various locations within the 
cutting shoe radius. The numerical·procedures that Siddique (1990) used in these 
programs have been detailed in Section 3.2, and can be summarized as follows: 
1) from the output of flow velocity, a value of stream function for every node of 
the mesh is calculated; 
2) the value of stream function at various locations (10%, 20% ... 100% of the 
cutting shoe radius from the centre-line of the sampler) is calculated; 
3) the position of these streamlines throughout the entire mesh is obtained; 
4) radial strains are calculated by comparing the position of the streamline with 
its position on the bottom boundary; and 
5) calculating axial strains assuming zero volumetric strain for the problem. 
These programs are potential sources of output interpretation errors, associated with 
the numerical approach used by Siddique (1990). The same programs as used by 
Siddique (1990) were used to analyse the output for the simple sampler. Therefore 
the same numerical procedures used by Siddique (1990) were also used in the 
numerical analysis of the simple sampler. In the analysis for the analytical Bessel 
function solution, only the axial strain history for the centre-line of the simple sampler 
is known. In the numerical procedures the axial strain history at 10% of the cutting 
shoe radius is the closest solution to the solution for the centre-line that can be 
obtained. 
In the Section 3.3.1 ("Use of Bessel Functions"), a method of determining the axial 
strain history along the centre-line, based directly on the flow velocity in the vertical 
direction, was presented. The flow velocity in the vertical direction is output directly 
from the LUSAS program. Therefore in addition to using Siddique's (1990) numerical 
procedures and programs, the axial strain history along the centre-line has also been 
calculated using this more direct method. This procedure did not entail all of the 
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numerical procedures applied by Siddique (1990). The difference between the axial 
strain history calculated using these two approaches is shown in Figure 3.9. Figure 
3.9 shows that there is no significant difference between these two approaches for 
calculating the axial strain history. This indicates that for the axial strain history along 
the centre-line of the sampler, the numerical procedures used by Siddique (1990) 
can be taken to be correct. Therefore any errors in the numerical approach used by 
Siddique (1990), are attributed only to the finite element analysis itself (idealisation 
and discretisation errors). 
3.4.3 Boundary Effects 
The axial strain history along the centre-line of the sampler, as obtained from the 
numerical finite element solution and the analytical solution, is shown in Figure 3.10. 
From Figure 3.10 the results from the numerical analysis compare favourably with 
those from the analytical solution. The general cycle of strain paths is the same for 
both solutions. Inside the sampler, the axial strain tends towards zero. The peak 
compressive and extensive strains are similar for both solutions. The effect of moving 
the boundaries of the finite element mesh can be clearly seen. A better solution is 
obtained when the boundaries BC and CD are further away from the sampler. The 
position of these boundaries in the second analysis are further away from the sampler 
than the positions used by Siddique (1990). Moving the boundary Be further away 
still would probably provide a better fit for the initial compressive and final extension 
phases of the axial strain history. 
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CHAPTER 4 
EXPERIMENTAL TECHNIQUES FOR INVESTIGATING 
SAMPLE DISTURBANCE 
4.1 INTRODUCTION 
In Chapter 3, the present techniques for predicting the strains imposed on a soil 
sample by a tube sampler, were presented. It has been shown that the axial strain 
history predicted by the solution to the simple sampler is an idealistic solution. To 
obtain axial strain histories that are more relevant to field tube samplers, it is 
necessary to take into consideration the exact geometry of the cutting shoe. Finite 
element techniques can be used for this purpose. Both the simple sampler solution 
and the finite element, techniques model the soil sampling process as an axisym-
metric, incompressible, inviscid fluid flow problem. The effect of friction between 
the soil and sample tube has not been addressed by either of these techniques. In 
addition, the techniques do not address the problem of when the transition from 
stress to strain controlled behaviour occurs. Both techniques are therefore ideali-
sations of the soil sampling process. However, at present these techniques provide 
the only rational solutions for predicting the strains imposed on a soil sample by a 
tube sampler. 
In Chapter 2, the process of ideal sampling was presented. In this idealisation of 
sample disturbance, the effect of sampling is represented by the strains imposed by 
drive samplers, together with stress relief associated with perfect sampling. This stress 
relief occurs as the deviatoric stress is reduced to zero, while maintaining an isotropic 
stress state. By applying this idealized sample disturbance to specimens of clay under 
laboratory conditions, it is possible to investigate the effect of sample disturbance 
on different types of clays. 
Baligh et al. (1987) and Siddique (1990) have applied the ideal tube sampling 
approach to reconstituted normally consolidated Boston Blue clay, and reconstituted 
London clay respectively. Lacasse and Berre (1988) have applied ideal tube sampling 
to a natural clay, but used a reconsolidation procedure, which may have affected the 
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influence of clay structure on the results. Hajj (1990) applied ideal tube sampling to 
normally and overconsolidated reconstituted Kaolin, but also used a reconsolidation 
procedure which seems to have removed the effects of the ideal tube sampling. In 
this Chapter, the experimental apparatus and procedures used to apply ideal tube 
sampling to a lightly overconsolidated natural Bothkennar clay and overconsolidated 
reconstituted London clay, are presented. 
4.2 OBTAINING SOIL SAMPLES AND SPECIMEN PREPARATION 
In 1987 the Science and Engineering Research Council (SERC) purchased a site on 
the banks of the river Forth near Grangemouth in Scotland (Hawkins, Larnach, Lloyd 
and Nash, 1989). This site was designated the "SERC Bothkennar Soft Clay Test 
Si te ", and was to be used for research in soft clay engineering. As part of this research, 
it was decided that there should be a site investigation and laboratory testing pro-
gramme, and that this programme would incorporate an investigation of the effects 
of sampling on the data that would be measured (Hight and Brown, 1988). 
Ajoint application from City University, Imperial College of Science and Technology, 
and the University of Surrey, was made to SERC, to conduct stress path tests on the 
Bothkennar clays. The University of Surrey was awarded a grant to investigate the 
effects of destructuring and ideal tube sampling, on the lightly overconsolidated 
Bothkennar clays. 
The site and exploratory borehole profiles were fully described by Hawkins et al. 
(1989). Hawkins et at. stated that the Bothkennar clays have been subjected to some 
removal of surface sediments, and have an overconsolidation ratio of 1.6. The clay 
at Bothkennar is a Carse clay having a soft clay sediment profile up to a depth of 22 
metres. The clay is described in more detail in Chapter 5. 
Sampling methods at the site were chosen to ensure minimum disturbance. Three 
types of sample were obtained for testing, two of which were made available to the 
University of Surrey. These types of sample were: 
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1) 200mm diameter over-cored tube samples taken with the Laval sampler (La 
Rochelle et al., 1981); and 
2) 250mm diameter down-borehole block samples taken with the Sherbrooke 
sampler (Lefebvre and Poulin, 1979). 
All samples were extruded on site, sliced, inspected, sealed and packed in protective 
crates. This operation was carried- out in a temperature and humidity controlled 
environment. Guide lines for the sealing and packing of the samples were given by 
Hight and Brown (1988). This entailed sealing the samples in several layers of 
cling-film, and low shrinkage, low melting point sealing wax. Samples were stored 
longer term at Glasgow University, Scotland. The samples were eventually trans-
ported by road to the University of Surrey. 
At the University of Surrey, all the samples were inspected for any visible cracks in 
the wax. None were found. Each sample was placed in a large plastic bag which was 
de-aired using a vacuum, and sealed. This was done so that any moisture loss from 
the sample would be clearly visible on the inside of the bag. The samples were stored 
in their boxes in a temperature controlled laboratory, until they were required for 
testing. 
The second type of clay to be tested, was reconstituted London clay. The samples 
were obtained from a slurry of London clay, which was consolidated in a large 
one-metre diameter hydraulic consolidation cell. The London clay was obtained from 
the University of Surrey site. The method of preparing the slurry and consolidating 
the clay was similar to that used by Siddique (1990). The basic procedure for preparing 
the slurry is explained below. 
1) Large blocks of London clay were mixed with water using a soil mixer. Mixing 
continued until the slurry appeared homogeneous and the slurry had a water 
content of approximately 1.5 times the liquid limit. 
2) Each batch was sieved through a B.S. 2mm sieve to remove any remaining small 
lumps of clay. The slurry was stored temporarily in four 94 litre capacity plastic 
bins. 
3) Approximately 350 litres of slurry was prepared. 
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The hydraulic consolidation tank was l000mrn in diameter, and 490mm deep. The 
tank was made of steel, and consisted of a base plate with legs, a cylindrical wall, and 
a lid. The wall was fixed to the base using 36 bolts torqued to 350 pounds feet. There 
was a drainage hole in the centre of the base plate. The arrangement of the tank is 
shown in Figure 4.1. The procedure for filling the tank is explained below. 
1) A small section of Terram 1000 (a thermally bonded non-woven geotextile) was 
placed over the drainage hole in the base plate. A 20mm thick layer of clean 
sand was placed over the base of the tank. This layer of sand was then covered 
with a circular piece of Terram 1000. 
2) A strip of Terram 1000 was cut to size, having dimensions equal to the height 
and circumference of the tank. Battens of chip-board having dimensions 20 by 
5mm, and equal in length to the height of the tank, were attached to the strip 
of Terram 1000 at intervals of 125mrn. This arrangement was placed adjacent 
to the wall of the tank to provide radial drainage. 
3) The slurry was placed carefully in the tank in thin layers. Each layer was 
trowelled flat in a manner so as to avoid trapping air. The tank was filled, to 
within 5-lOmm of its full height, with slurry. 
4) The surface of the slurry was covered with a circular piece of Terram 1000. 
Clean sand was placed on this Terram 1000, to be flush with the full height of 
the side wall. Clean sand was forced into the gap, between the wall of the tank 
and the Terram 1000, provided by the spacing of the battens. The sand and 
Terram 1000 was then saturated with water to remove any air. 
5) A large neoprene rubber sheet was placed over the sand, and a rubber spacer 
was placed around the periphery of the tank. The lid of the tank was placed on 
the wall of the tank using a lifting rig. The lid of the tank was bolted to the wall 
of the tank using 36 bolts torqued to 350 pounds feet. These bolts passed through 
pre-formed holes in the neoprene rubber sheeting and spacer. 
The facility of radial drainage with the hydraulic consolidation tank has not been 
used before at the University of Surrey Soil Mechanics laboratory and is shown in 
Plate 4.1. The lid of the tank had two valves. One of the valves was connected to four 
air-water bladder interfaces, and the other valve was connected to one air-water 
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Figure 4.1: General Arrangement of One-metre Diameter Hydraulic 
Consolidation Tank. 
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bladder interface. Four air-water bladder interfaces were used due to the large 
volumes of water being expelled during consolidation. The procedure for consoli-
dation is outlined below. 
1) Water was flushed into the gap between the lid of the tank and the neoprene 
rubber sheet (see Figure 4.1). The water was pressurized to l00kPa using the 
four air-water bladder interfaces, while drainage was allowed through the valve 
in the base plate. 
2) When the four air-water interface bladders were fully inflated, the single air-
water bladder was pressurized and opened to the tank. This allowed the other 
valve to be closed, and the four air-water bladder system to be re-set. Using this 
procedure, a constant pressure of l00kPa was maintained with time. 
3) The volume of water being expelled with time was measured. As consolidation 
proceeded, the neoprene rubber sheet deformed and stretched. Thus period-
ically, the lid of the tank, the neoprene rubber spacer, and the neoprene rubber 
sheet were removed. The deformed profile of the sand was levelled off with 
more clean saturated sand. The neoprene rubber sheet, spacer and lid of the 
tank were then replaced. The consolidation pressure was then re-applied once 
the tank was re-assembled. 
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Primary consolidation had occurred after about 70 days. However, there were no 
stress path cells available to test the samples at this stage, so the consolidation 
pressure remained applied for a further 80 days. The consolidation curve for the clay 
slurry is shown in Figure 4.2. 
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Figure 4.2: Consolidation Curve for Reconstituted London Clay Slurry. 
When dismantling the tank, the lid, neoprene rubber spacer and sheet were removed. 
All of the sand on top of the clay sample was removed. The sand that had been forced 
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into the gap between the wall of the tank and the Terram 1000 to form the radial 
drainage was removed. The wall of the tank was then lifted clear of the sample using 
the lifting rig. The sample was sliced into twelve segments using wire. The segments 
were then trimmed into blocks using wire. Each block had dimensions of approxi-
mately 150 by 200 by 250mm in height. The blocks were sealed in cling-film, and 
placed in plastic bags. The plastic bags were de-aired using a vacuum, and sealed. 
The samples were then stored in boxes in a temperature controlled laboratory, until 
they were required for testing. 
The London clay samples were, at this stage, reconstituted normally consolidated 
samples. In order to obtain an overconsolidated sample, further consolidation and 
swelling was to take place in the triaxial cell. The vertical effective consolidation 
stress in the triaxial cell was to be 200kPa. In this way any disturbance caused to the 
sample during the cutting of the twelve segments, and storage of the block samples, 
would be minimized. 
Each specimen was prepared in a temperature controlled laboratory, with a locally 
humid environment. The Bothkennar clay samples were sealed in several layers of 
cling-film and wax. Each layer was carefully removed down to the last layer of wax. 
The block was then carefully placed in a soil cutting lathe. The block was trimmed 
down to size using a taut piano wire. Any oxidation, or fabric feature were carefully 
noted. After the specimen had been trimmed to the correct diameter, it was placed 
in a split-mould and the ends were then trimmed. The specimen and split-mould 
were weighed. During the handling of the specimen and split-mould, the ends of the 
specimen were prevented from drying. The procedure for the London clay samples 
was essentially the same, except that there were no layers of wax to be removed. 
The specimens were placed on the triaxial cell base pedestal, which had a high air 
entry porous ceramic embedded in it. To assist with drainage, strips of filter paper 
were used when testing the London clay specimens. Latex membranes, having a 
thickness of O.4mm, and a modulus of O.64N /mm (at 1.0% vertical axial strain), were 
used. The modulus of the membranes was obtained using the method described by 
Bishop and Henkel (1962). Care was taken to prevent trapping any air between the 
specimen and the membrane. An aluminium extension top cap, with a high air entry 
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porous ceramic stone and the facility for double drainage, was used. This top cap 
was designed and manufactured specifically for this research. Schematic details of 
this top cap have been attached in Appendix B. 
Because of the sampling methods, the Bothkennar clay samples were expected to be 
high quality samples. All possible precautions had been taken during storage, 
transportation and sample preparation to minimise any loss or gain of moisture or 
mechanical disturbance. The samples of London clay were effectively undisturbed 
due to the technique of consolidating the specimens in the triaxial cell. Therefore 
high quality specimens of natural lightly overconsolidated and reconstituted over-
consolidated soil were available for testing. 
4.3 MEASUREMENT OF FORCES, STRESSES AND DEFORMATIONS 
The triaxial apparatus used for the test programme was a four-inch triaxial cell, 
mounted in a Wykeham Farrance Classic triaxial compression machine. Axial forces 
were measured using an internal load cell. Stresses were measured using, back and 
cell pressure transducers, and a mid-plane miniature pore pressure transducer. 
Deformations were measured using three local deformation measuring devices, and 
one external displacement transducer. The output analogue signals from these eight 
measuring devices were amplified and converted to a digital output signal ,using a 
strain gauge amplifier system (SGA 1100) manufactured by CIL Electronics Ltd. The 
system produces a signed 12 bit (±4096 bits) digital output. The strain gauge amplifier 
system was linked to a Hewlett-Packard (HP) 80 Series microcomputer through an 
HP Interface Bus (HP-IB). 
A Wykeham Farrance 4981 5kN internal load cell was used to measure deviator 
force. The load cell was calibrated using a Budenberg dead load tester. A calibration 
of IN fbit was used. This gave a resolution for the deviator stress of approximately 
O.13kPafbit, for a four-inch triaxial specimen. Druck PDCR 10 pressure transducers, 
mounted in de-airing blocks adjacent to the base plate of the triaxial cell, were used 
to measure the cell and back pressures. The cell and back pressure transducers were 
calibrated using a Budenburg dead load tester. The transducers were calibrated to 
give a resolution of O.25kPafbit. A Druck PDCR 81 miniature pressure transducer 
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was used to measure the mid-plane pore pressure (Hight, 1982). The pore pressure 
transducer was calibrated by filling the triaxial cell with water, and calibrating against 
the cell pressure transducer. To mount the mid-plane pore pressure transducer, 
required puncturing a small hole in the triaxial membrane. This was then sealed using 
two rubber o'rings, and painting on layers of latex rubber solution. In addition to this 
mid-plane pore pressure transducer, two other pressure transducers were used to 
measure pore pressure. Both were mounted in de-airing blocks adjacent to the base 
pedestal. One was attached to the bottom drainage pedestal, and the other to the 
top cap drainage lines. The pressure transducers were either Druck PDCR 10 or Bell 
and Howell pressure transducers (operating range 0 to 15Opsi). These pressure 
transducers were not connected to the SGA 1100 strain gauge amplifier system but 
to a stand-alone signal read-out box. The pore pressure transducers were calibrated 
using a Budenburg dead load tester. The resolution of these pore pressure transducers 
was 1kPa. 
To obtain accurate measurements of deformations (Jardine, Symes and Burland, 
1984 and Costa Filho, 1985), local deformations were measured using Hall effect 
devices (Clayton and Khatrush, 1986, Clayton and Khatrush, 1987, Khatrush, 1987, 
Clayton, Khatrush, Bica and Siddique, 1989 and Siddique, 1990). Two axial strain 
Hall effect devices having a gauge length of 70mm, and one radial caliper were used. 
The devices were calibrated using a micrometer and calibration jig both made of 
non-magnetic materials. The Hall effect devices were linear, over a range of 
approximately 7.0mm. The resolution of these axial strain and radial strain devices 
was about 1 ~m/bit and 2 ~m/bit respectively. The axial Hall effect devices were 
mounted on the triaxial specimen by pushing steel pins through the membrane. These 
small pin holes were then sealed by painting on layers of latex rubber solution. The 
axial Hall effect gauges were positioned diametrically opposite each other, in the 
middle one-third of the triaxial specimen. The radial calipers were positioned at the 
mid-height of the specimen, and were held in position by painting on layers of latex 
rubber solution around the pads of the calipers. Overall deformation of the specimen 
was measured outside of the triaxial cell, using a linear strain conversion displacement 
transducer (LSCDT), manufactured by MPE Transducers Ltd .. The displacement 
transducer was calibrated over a range of25.4mm, using a micrometer and calibration 
jig. The displacement transducer was calibrated to a resolution of approximately 6.4 
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~/bit. Khatrush (1987) conducted a review of volume change measuring devices 
(Alva-Hurtado and Selig, 1981), and concluded that the use of local measurement 
of radial and axial deformations achieved the greatest accuracy. Therefore volumetric 
strains were calculated on the basis of local measurements of radial and axial strains. 
Measuring stresses using the afore-mentioned transducers, and resolution of cali-
bration, meant that stresses could be measured to ±0.5kPa. The use of local strain 
measurement meant that axial and radial strains as small as 0.002% could be 
measured. 
4.4 CONTROL OF FORCES, STRESSES AND DEFORMATIONS 
An automated stress path system (Bishop and Wesley, 1975, Atkinson, Evans and 
Scott, 1985, Menzies, 1988 and Sheahan, Germaine and Ladd, 1990), has been 
developed at the University of Surrey (Khatrush, 1987 and Siddique, 1990). The 
system is controlled by a microcomputer, and allows for full computer control of 
applied deviator, cell and back pressures. Any desired stress path can be followed. 
The system was modified for this research to include deformation control as well as 
stress control. Modifications were made to the software. In addition, a replica system 
was built, and the pressure controlling devices were re-designed. The system is 
described in this section, together with the alterations that were specific to this 
research. All the tests on the Bothkennar clays were executed using full computer 
control. When testing the London clay specimens, the Soil Mechanics laboratory at 
the University of Surrey suffered numerous power cuts and successive break-downs 
of the compressed air system. Tests on the London clay specimens were therefore 
executed using the stress path systems, but with only partial computer control. 
Three pressure controllers controlled the cell, back and axial pressures. The pressure 
controllers consisted of a small stepper motor operating through a reduction gear 
box and a flexible coupling, to provide mechanical rotations to drive a manostat air 
pressure regulator. For the cell and back pressures, the air pressure regulator was 
connected to an air/water Bellofram rolling diaphragm interface. For the axial 
pressure the regulator was connected to a double acting Bellofram rolling diaphragm 
air actuator. An additional control box allowed the air pressure in the top and bottom 
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of the air actuator to be switched, therefore allowing specimens to be tested in triaxial 
extension. Schematic details and circuit diagrams, for the controllers that were 
re-designed for this research, are attached in Appendix C. Silicone oil (BDH Dow 
Corning 200/5 cs) was used for the cell fluid. When testing the Bothkennar clays, 
salt was added to de-aired water to give a saline solution of 21 grammes/litre in the 
back pressure lines. For the London clay specimens de-aired water was used in the 
back pressure lines. Three Budenburg Standard Test Gauges were used as a manual 
check on air pressures. 
The pressure controllers were linked to a Hewlett Packard 80 Series microcomputer, 
via an HP General Purpose Input and Output (GPIO) interface. Only one of the four 
8 bit ports on the GPIO interface was used. This allowed forward and reverse stepping 
of each of the three pressure controllers, and switching from compression to extension 
for the air actuator. The Wykeham Farrance Classic triaxial compression machine 
has a microprocessor controller. For this research, the compression machine was 
linked to the microcomputer via an RS232 interface. By providing a clamp to prevent 
movement of the ram on the air actuator, it was possible to use computer control to 
regulate deformations being applied to the specimens. The algorithms used to control 
the compression machine are attached in Appendix D. 
Controlling stresses using the afore-mentioned pressure controllers meant that air 
pressure increments ofO.1kPa could be attained. This corresponds to about O.07kPa 
for the axial pressure on the specimen. Using the stepless compression machine, 
strain rates varying from 0.0005 to 5.99mm/min were attainable. 
Additional peripheral devices attached to the microcomputer consisted of a Hewlett 
Packard disk drive and a Hewlett Packard Thinkjet printer. All mains input voltages 
to the system passed through a line voltage conditioner. A general layout of the 
automated stress path system and schematic details of the four-inch triaxial cell are 
shown in Figures 4.3 and 4.4 respectively. The stress path system that was built 
specifically for this research is shown in Plate 4.2. 
101 
-~i~----------------------------------------------------------------------f)~~~~-~~e 
II II 11 
Bellofram 
Back Cell Axial 
Controller 
Control 
I 
I 
I~rs 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
-----~~ - ---------) - ---------- --------------------- ------------------~ .~ 
r----------- ------------------- -
Air /Flu!9 __ 
------- ---, 
GPIO Interfacies 
I 
I 
RS232C:'- ~ r--- "-
Micro- I~ !k:\ ~ computer 0 0 I -=-
}O~ ~~'\ : Water Silicon I Oil : '-- r- "- .--
I I 
I I 
~ HP-IB t ___ ------- ___ J 
'---
Disk 
-----
I 
I 
I 
I P- j: I I : 
'- I--
1= 
~ 
:Soil 
~ 0 . 0 .. 
.... 
.. 
:...r---..b r ~nL-
I 
I 
I 
~--------------- -------
Tri 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Gxial 
App dratus 
t::: Lr-----t..-
~ 
----------
Drive ,~ 
Compression 
~I Pc;n!" I Machine t Micro--- processor Controller 
-
~ Bock pressure tronsducer 
-.. 
~ Cell pressure transducer 
Strain 
--
Internal load cell 
Mid-plane pore pressure IEEE 488 Rea -.. 
-
dout 
~ Gouge Local axial strain B ox 
. Local axial strain Amplifier .. 
- Local radial strain 
- External LSCDT - . 
-
Figure 4.3: General Layout of Stress Path System. 
102 
External displacement 
transducer 
Clamping plate ---~=i:~Ema or : 
... 
Bellofram 
actuator 
(Stress control) 
Clamping rods 
(*4 ) 
Clamping nuts 
(*8) 
Internal 
:::::::-..,~~~~~:::::::s:=--I1~T- load cell 
Axial Hall 
Radial Hall 
Effect caliper 
Extension ~-~--H-~---
top cap 
Mid-plane 
pore pressure 
transducer 
transducer Loading frame • <==> or »1ffi Back pressure : 
(De/o,motion cont,ol) » 
/777777777777~77777777777777 
Figure 4.4: Schematic Details of Four-inch Triaxial Cell. 
103 
s 
Ct} 
...... 
en 
£ 
..r:l 
~ 
A.. 
en 
en 
Ct} 
I-< 
...... 
V) 
c;; "I:j Ct} 
..... 
~ 
-s 
0 
..... 
< 
.. 
~ 
'o:t 
Q) 
-= 
-~ 
4.5 TEST PROCEDURES 
This Section describes the testing procedures used during the different stages of a 
stress path test. The different stages were as follows: 
1) the setting up of the specimen; 
2) the measurement of initial effective stress and saturation stage; 
3) the reconsolidation stress paths; and 
4) the undrained shearing stages. 
When testing the Bothkennar clay specimens, all the test procedures were automated 
in that they were controlled and logged entirely by the microcomputer. When testing 
the London clay specimens, all the pressure controllers were regulated using com-
mands typed from the key board, and output readings from the devices were noted 
mostly by hand. 
4.5.1 Setting up of the Specimen 
When testing the Bothkennar clays, salt was added to the back pressure drainage 
lines twenty four hours prior to preparing a specimen. Before preparing the Both-
kennar clay specimens, the drainage lines in the top cap and bottom pedestal were 
flushed, to ensure that the saline solution was in all of the back pressure lines. All 
drainage lines on the triaxial cell were then closed. Trimming and mounting the 
specimen on the triaxial machine took approximately two to three hours. Mounting 
the mid-plane pore pressure transducer, and all local strain devices took approxi-
mately one hour. A minimum of four layers of latex rubber solution were painted 
on, at approximately half-hourly intervals. The latex rubber solution was allowed to 
dry over-night. A typical specimen with instrumentation at this stage of the test is 
shown in Plate 4.3. 
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Plate 4.3: Typical Specimen and Instrumentation. 
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The gauge length of the local axial strain Hall effect devices was measured. The 
triaxial cell was assembled, and the intemalload cell was attached to the extension 
top cap screw-thread. The cell was filled with silicone oil. The ram of the air actuator 
was balanced using an air pressure of 50kPa. The ram was attached to the triaxial 
cell loading ram. A small axial air pressure was required to allow for the self weight 
of the internal load cell and loading ram, and maintain zero deviatoric stress. At this 
stage the specimen was ready for testing. 
4.5.2 Measurement of Initial EtTective Stress and Saturation Stage 
The procedures described in the following sections were completely automated when 
testing the Bothkennar clays. The software to measure the initial effective stress, and 
to check the saturation of the specimen, were not included in the original stress path 
system as developed by Khatrush (1987) and Siddique (1990). Therefore software 
was written to do these stages specifically for this research. For the London clay 
specimens all pressures were applied using keyboard commands. 
All back pressure lines remained closed to eliminate any drainage. While maintaining 
zero deviatoric stress, the cell pressure was increased to give a pore pressure greater 
than 150kPa. This took about 45 minutes. This cell pressure was maintained, allowing 
time for the equilibrium of base and mid-plane pore pressures. This usually occurred 
over-night. The difference between the cell and pore pressure was taken as the mean 
effective stress of the specimen. 
An undrained cell pressure increment of 10kPa was applied to the specimen. This 
cell pressure was maintained while waiting for equilibrium of base and pore pressures. 
If the pore pressure parameter B, was greater than 0.95, then the saturation stage 
was completed. If B was less than 0.95, then the back pressure was brought equal to 
the pore pressure in the specimen. The back pressure valve was opened. Maintaining 
this state of isotropic effective stress, the cell and back pressure were raised simul-
taneously in lkPa increments by 5kPa. The back pressure valve was closed, and an 
undrained cell pressure increment of 10kPa was applied. The B value was measured 
again. This was continued until B was greater than 0.95. The back pressure was raised 
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to the final value of the pore pressure. The back pressure valve could then be opened 
for the start of the reconsolidation stage. During this procedure, readings of all devices 
were taken at appropriate stages. 
4.5.3 Reconsolidation Stress Paths 
For the Bothkennar clays, the specimens were to be reconsolidated, either to the 
values of the in-situ stresses, or they were to beK 0 reconsolidated beyond their in-situ 
stresses. These values of consolidation stress were given as part of the specification 
for the testing programme. Two types of reconsolidation method were used. The first 
was application of a deviatoric stress path to a pre-defined K 0 line. Then a stress 
path was followed which was a pre-definedK 0 consolidation line. The second method 
initially followed an isotropic consolidation stress path to a point equal in value to 
the in-situ horizontal effective stress, and then a deviatoric stress was applied to bring 
the specimen to the in-situ stress state. During the application of these stress paths, 
the microcomputer controlled the stresses in the following way: 
1) at all times a constant value of back pressure was maintained; 
2) either the cell pressure was stepped once, and the corresponding value of the 
axial stress was applied; or 
3) the axial pressure was stepped once, and the corresponding value of the cell 
pressure was applied; then 
4) step 2) or 3) would then be repeated, but only if the difference between the 
mid-plane and base pore pressure was less than 5% of the vertical effective 
stress at that point on the stress path. 
Using this method of control, the rate of stress being applied to the specimen was 
governed entirely by the pore pressure within the specimen. At the end of each 
consolidation stress path (point of in-situ stresses or twice in-situ stresses), the cell, 
back and axial stresses on the specimen were maintained until the axial strain rate 
of the specimen decreased to below pre-described values. In this way, the age of the 
specimens was varied before shearing, and the creep strain rates were controlled. 
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The London clay specimens were first isotropically consolidated to a vertical effective 
stress of 75kPa. Then a deviatoric stress path was followed to a pre-definedK 0 =0.64 
line. This pre-defined K 0 = 0.64 line was then followed until the vertical effective 
stress equalled 200kPa. At this point, the cell, back and axial pressures were main-
tained until the axial strain rate decreased to below O.05%/day. A swelling path was 
then followed. This path was a straight line in t', s' stress space, to an isotropic effective 
stress equal to 54kPa. At this point, all stresses were maintained until the axial strain 
rate decreased to below 0.05%/day. The stress paths were followed by applying 
increments of axial and cell pressure. The increments correspond to an increment 
of 5kPa vertical effective stress. Each increment was applied only if the difference 
between the mid-plane and base pore pressure was less than 5% of the vertical 
effective stress at that point. Applying the stresses in this manual incremental manner 
meant that deviations from the pre-defined stress path were larger than the deviations 
encountered when the stresses were controlled automatically by the microcomputer. 
The quality of the reconsolidation procedures for the London clay specimens was 
therefore not as good as for the Bothkennar clay specimens. 
4.5.4 Undrained Loading Stages 
Once reconsolidation was complete, the ram of the air actuator was clamped to 
prevent movement. During this process, it was important not to change the value of 
the deviatoric stress being applied to the sample. The triaxial compression machine 
was then set to a rate of loading in mm/min, which corresponded to an axial strain 
rate equal to 5%/day. When applying the undrained sampling strain path excursions 
in compression or extension, straining continued until the correct value of local axial 
strain was reached. At the end of the strain path excursions, the ram of the air actuator 
was un-clamped and the deviatoric stress was reduced to zero. This state of stress 
was maintained over-night. The back pressure was then brought equal to the pore 
pressure, and the back pressure valve was opened. The specimens were then 
reconsolidated to their in-situ stresses. During undrained shearing to failure, the 
same strain rate was used and straining was continued until a shear plane was clearly 
visible. The arrangement for deformation control of the triaxial apparatus is shown 
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in Plate 4.4. This Plate shows the steel plate, which is attached to the loading ram, 
clamped using four bolts and nuts, and the compression machine applying load at a 
rate of 0.0025mm/min. 
For the tests on the Bothkennar clay specimens, the compression machine was 
controlled by the microcomputer. The compression machine was controlled manually 
during the tests on the London clay specimens. 
Once the test was completed, the cell was emptied of silicone oil. The specimen was 
dismantled. The deformed shape of the specimen was recorded, and moisture con-
tents were taken at different heights within the specimen. 
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Plate 4.4: Arrangement for Deformation Control. 
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4.6 ANALYSIS OF RESULTS 
For the tests on the Bothkennar clay specimens, readings of the devices in bits were 
automatically output to the printer at convenient time intervals. For the tests on 
London clay specimens during the reconsolidation stages, all readings were taken by 
hand. During the undrained loading stages, readings of the devices were automatically 
output to a computer. All readings for each test were then manually input onto a 
Lotus 1-2-3 worksheet. The software was run on a Beltron XT, 640K memory, per-
sonal desk top computer. All the data was analysed using the 1-2-3 worksheet. 
Area and membrane corrections (Germaine and Ladd, 1988 and Kuerbis and Vaid, 
1990) in accordance with the observational approach (La Rochelle, Leroueil, Trak, 
Blais-Leroux and Tavenas, 1988) were applied to all the test data. All graphs were 
obtained using the worksheet. The graphs were imported into Lotus Freelance Plus 
graphics software package where labels were added. These graphs were then 
imported into Lotus Manuscript word-processor package for final printing. 
4.7 SUMMARY OF EXPERIMENTAL TECHNIQUES 
The Bothkennar clay samples had been obtained using two different types of sampling 
methods. These sampling methods imposed minimal disturbance to the soil samples. 
All possible precautions were taken to ensure that no moisture loss or mechanical 
disturbance occurred during transportation and storage of the samples. In this way 
high quality lightly overconsolidated natural clay samples were available for testing. 
Reconstituted London clay samples were obtained using slurry techniques, with 
further reconsolidation in the triaxial cell. 
Extreme care was taken, during the preparation of the specimens, to prevent any 
moisture loss or gain. An automated stress path system was used for all of the tests 
on the Bothkennar clay specimens. Partial computer control was used for the tests 
on the London clay specimens. The system was set up so that all measurements of 
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force, stress and deformation were as near to the specimen as was feasibly possible. 
Instrumentation was calibrated so that all pressures could be measured to ±0.5kPa. 
Using Hall effect devices, local strains as small as 0.002% could be measured. 
An extension top cap, with double drainage and a high air entry porous disc was 
designed and manufactured for this research. In addition, a complete stress path 
system was built for this research, and some of the hardware was re-designed. The 
stress path system originally had the facility for stress control only. Modifications to 
the system were implemented for this research to allow for deformation control. This 
deformation control was set up to be controlled by a microcomputer. Parts of the 
software for the initial stages of the tests where re-written. A technique of using the 
difference between the mid-plane and base pore pressures as a control for the rate 
of loading during reconsolidation stages was successfully implemented. 
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CHAPTER 5 
EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF SAMPLE 
DISTURBANCE ON A LIGHTLY OVERCONSOLIDATED NATURAL ClAY 
AND AN OVERCONSOLIDATED RECONSTITUTED ClAY 
5.1 INTRODUCTION 
The preceding section described the apparatus and procedures used to test the lightly 
overconsolidated natural Bothkennar clay specimens. The method of obtaining and 
testing the overconsolidated reconstituted London clay specimens was also described. 
The instrumentation and stress path system used to test the specimens was capable 
of accurately controlling and measuring stresses and strains. This chapter presents 
details of the experimental investigation of the effects of sample disturbance on a 
lightly overconsolidated natural clay, and an overconsolidated reconstituted clay 
(OCR=3.7). 
The two types of soil tested are described in more detail. Details of the stress and 
strain paths applied to the specimens are given. Typical results from each type of test 
are presented in this chapter, and the remainder of the results are attached in 
graphical form in Appendices E and F. 
5.2 SOIL 1YPE 
The site and exploratory borehole profiles for the Bothkennar site were described 
fully by Hawkins et al. (1989). Paul, Peacock and Wood (1991) have described the 
engineering geology of the Bothkennar site. Paul et al. divided the Bothkennar profile 
into five lithologies, to a depth of 22m. This was further sub-divided into four facies. 
The four facies are listed below. 
1) Weathered facies: The top three metres of the sediment has been altered by 
weathering processes. This facies transgresses a major unconformity between 
the main clay sequence (the Claret beds) and the over-lying reclaimed tidal 
flats. 
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2) Bedded facies (B): This is a silty clay or clayey silt in which the original sedi-
mentary bedding is visible. 
3) Mottled facies (M): This is dominantly a silty clay in which primary bedding 
and laminations are poorly defined or absent. This facies features the presence 
of mottles. 
4) Laminated facies (L): This consists of alternating laminae of silt and clay with 
little bioturbation, and subsidiary beds of mottled clay. This facies also features 
a bed of medium 'to coarse sand with wood fragments. 
A profile description of the soft clay sequence at Bothkennar is shown in Figure 5.1. 
This figure shows the five lithologies (L1-LS), and the presence of the facies. Figure 
5.1 also shows the positions of the samples that were tested for this research at the 
University of Surrey. This profile description is based mainly on a single borehole, 
located in the south-west corner of the site (see Figure 5.2). Samples in this borehole 
were taken with a continuous lOOmm diameter aluminium tube piston sampler. The 
positions of the samples within the clay sequence are approximately correct, as the 
samples were taken within the same location on the site. It can be seen that the 
majority of the samples tested were located within the lithology 12. This lithology 
consists of the bedded and mottled facies (mainly mottled). Three of the samples 
tested were located within the lithology L3. This lithology consists of the laminated 
facies. 
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Figure 5.1: Geological Profile for the Bothkennar Clay Sediments. 
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structure with some bonding between silt particles. Evidence suggests chemical 
corrosion, and growth of secondary minerals in both the bedded and mottled facies. 
The characteristic colour of the clay is dark grey or black, with the mottled areas 
being a paler grey. 
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Figure 5.3: Properties of the Bothkennar Clay Sediments. 
The particle size distributions show that the clay fraction comprises about 35-50 % 
of the material. There is a higher organic content in the mottled facies, probably due 
to the remains of the organisms responsible for the bioturbation. The pore-water 
analysis indicates a concentration similar to that of the adjacent estuary water. The 
pore-water is partly diluted near the surface and base of the sequence by freshwater. 
The presence of the organics seem to affect the activity of the soil. Paul et al. (1990) 
stated that the presence of the organic residues on the clay minerals seem to increase 
the plasticity. The general trend in the clay sequence is one of decreasing moisture 
content and increasing strength with depth. 
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Eleven Laval samples were used for the tests. Two of the tests on the Laval specimens 
however, were aborted. Due to the limited number of Sherbrooke samples taken, 
only one sample was available. This sample was split into two, so that two Sherbrooke 
specimens were tested. The second Sherbrooke specimen was trimmed to size at the 
same time as the first, but remained in storage for seven months before being tested. 
This specimen could not be waxed, as it was already trimmed to size, and so was 
sealed in a plastic bag during the storage period. Bulk density measurements were 
made at the beginning of the tests, and moisture content profiles were obtained at 
the beginning and end of each test. Details of the Bothkennar samples are given in 
Table 5.1. Where index properties are not shown, is where the sample trimmings 
were mislaid by technicians in the University of Surrey Soils Laboratory. Also shown 
in Table 5.1 are the estimated values of the in-situ effective stresses. The horizontal 
effective stresses are based on pressuremeter tests. A typical specimen showing fabric 
features is shown in Plate 5.1. The Plate shows patches of light grey mottling, a slump 
feature, an oxidized borrow and a root hole. 
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Plate 5.1: Fabric Features of the Bothkennar Specimens. 
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Table 5.1: Details of the Bothkennar Samples. 
BH. Sample Depth In-situ LL PL Bulk Initial mle in Final mle in 
No. No. (m) au 0h u (%) (%) Density Specimen (%) Specimen (%) 
(kPa) CkNl m 3) Top Mid. Bot. Top Mid. Bot. 
Ll 14A 7.77-8.00 59 35 70 85 27 16 65 63 66 69 58 76 SH3 12B-A 8.23-8.43 61 37 74 83 31 17 64 69 70 64 65 78 L1 13A 7.24-7.47 56 34 65 -- -- 16 67 68 70 66 66 70 
L1 12B 6.90-7.13 54 32 56 76 27 16 71 70 70 56 49 48 
12 lOA 7.15-7.37 55 33 64 85 29 16 66 66 71 50 53 60 
L2 lOB 7.37-7.60 56 34 66 83 31 16 66 70 66 63 65 66 L1 13B 7.47-7.69 58 35 67 83 29 16 66 70 66 65 65 68 12 5B 4.72-4.94 41 25 40 80 27 16 66 60 72 65 60 67 12 9B 6.85-7.08 54 32 56 76 34 16 67 67 70 68 65 62 12 9A 6.63-6.85 52 31 59 -- -- 16 69 70 72 74 67 73 SH3 12B-B 8.23-8.43 61 37 74 83 31 17 64 67 67 60 74 75 
12 12A 8.24-8.46 61 37 74 85 30 16 69 69 66 load cell fail 12 SA 4.49-4.72 40 24 38 -- -- 16 60 67 71 membrane leak 
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The London clay samples were prepared from clay obtained from the University of 
Surrey site. The index properties of the clay were as follows: 
Specific gravity = 2.76 
Liquid Limit = 86% 
Plastic Limit = 25% 
Plasticity Index = 61 % 
Details of the London clay specimens are given in Table 5.2. 
Table 5.2: Details of the London Clay Specimens. 
Sample Bulk LL PL Initial m/c In Final m/c In 
No. Density (%) (%) Specimen (%) Specimen (%) 
CkNl m 3) Top Mid. Bot. Top Mid. Bot. 
LeI 17 86 25 49 51 49 39 40 40 
LC2 17 86 25 46 49 48 39 39 39 
Fabric features of the Bothkennar specimens were noted and are given in Table 5.3, 
together with the measurements of the initial mean effective stresses compared to 
those in situ. 
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Table 5.3: Initial Mean Effective Stresses in Bothkennar Specimens 
Eff. Stress Facies 
Specimen In-situ Meas. 
(kPa) (kPa) 
Type Notes 
L1-14A 43 26 L Oxidized burrows, mottling, root hole, slump feature 
L1-13A 41 32 B Occasional root hole. 
SH3-12B-A 45 10 L Mottling, with silt vein at mid-height. Sample split vertically 
in two. SH3-12B-A tested immediately 
L1-12B 39 31 B Single silt vein 35mm from bottom. 
U-10A 40 30 M Occasional oxidized pockets of silt. 
U-10B 41 31 M Infrequent small silt patches, and mottling. 
L1-13B 43 37 M No special features noted. 
L2-5B 30 24 M Mottling. 
L2-9B 39 30 B Silt vein up to 5mm thick, 70mm from bottom. 
U-9A 38 35 B Mottling and root holes present. 
SH3-12B-B 45 46 L As SH3-12B-A This specimen was stored for 7 months, 
L2-12A 
un-waxed in a sealed plastic bag. 
45 39 L Aborted test. Load cell failed. Four sand veins up to 1mm thick. 
L2-5A 28 17 M Aborted test. Membrane leaked. Small sand patches at base, and 
10mm dia. burrow at top. 
Specimen; L=Laval (tube) sampler, SH=Sherbrooke (block) sampler. 
Facies type: L=Laminated, M=Mottled, B=Bedded 
General Soil Description - Soft to very soft black organic silty Clay, with light grey mottling. 
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5.3 TEST PROGRAMME 
When testing the Bothkennar clay specimens, three types of test were conducted. 
The three types of test were as follows: 
1) "Undisturbed" samples: specimens were reconsolidated to their estimated in-
situ stresses by applying an isotropic, and then a deviatoric stress path and then 
sheared in undrained compression or extension (CK oUC or CK oUE); 
2) KRUC reconsolidation: specimens were K 0 reconsolidated to twice their 
estimated in-situ effective stresses, and then sheared in undrained compression 
(KRUC); and 
3) Ideal tube sampling: specimens were reconsolidated to their estimated in-situ 
stresses, undrained tube sampling strain path excursions and deviatoric stress 
relief were applied, the specimens were then reconsolidated to their in-situ 
stresses, and sheared in undrained compression (ITS). 
These three types of test on the Bothkennar clay specimens are shown in schematic 
form in Figure 5.4. The details of the tests on the Bothkennar clay specimens are 
given in Table 5.4. 
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t' 
s' 
"Undisturbed" Samples: CKOUC or CKOUE 
A - Initial effective stress 
D - Estimated in-situ stresses 
KRUC Reconsolidation 
A - Initial effective stress 
C - Twice estimated in-situ stresses 
t' 
Ideal Tube Sampling 
A - Initial effective stress 
o - Estimated in-situ stresses 
ABO - Reconsolidation 
OEFG - Undrained strain path excursions 
GH - Deviotoric stress relief 
HABO - Second reconsolidotion 
OJ - Undrained shearing in compression 
Figure 5.4: Stress and Strain Paths Applied to the Bothkennar Clay Specimens. 
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Table 5.4: Details of the Tests on the Bothkennar Clay Specimens. 
1st Recons. to Strain 2nd Recons. to Strain Rate of 
Type of Point D or E Paths Point D or E Rate Undrained 
Specimen Test °a or E c E e 0a Or AtD&E Shearing 
(kPa) (kPa) (%) (%) (kPa) (kPa) (%jDay) (%jday) 
LI-14A CKaUe 62 38 <0.05 5.0 
SH3-12B-A CKaUe 62 38 <0.05 5.0 
LI-13A CKaUE 52 30 <0.05 5.0 
LI-12B KRUe 137 75 <0.07 5.0 
LZ-lOA KRUe 168 82 <0.70 5.0 
LZ-lOB ITS 55 32 2.0 -2.0 53 32 <0.05 5.0 
LI-13B ITS 54 32 2.0 -2.0 52 30 <0.50 5.0 
LZ-5B ITS 40 26 1.0-1.5 40 25 <0.05 5.0 
LZ-9B ITS 53 32 1.0-1.0 51 30 <0.05 5.0 
LZ-9A ITS 53 31 0.5 -0.5 52 31 <0.05 5.0 SH3-12B-B ITS 60 36 0.5 -0.5 59 36 <0.05 5.0 
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When testing the London clay specimens one type of test was conducted. The type 
of test was an ideal tube sampling test (ITS). This test involved consolidation and 
swelling, undrained tube sampling strains and deviatoric stress relief, and then 
shearing in undrained compression. 
The type of test performed on the London clay specimens is shown in schematic form 
in Figure 5.5. The details of the tests on the London clay specimens are shown in 
Table 5.5. 
t' 
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/ 
/ 
.... "... ..... 
Ideal Tube Sampling 
D KO=O.64 
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Failure // 
J//F< 
B 
G 
" / C 
s' 
A - Initial effective stress 
ABCDE - Consolidation and swelling 
EFGH - Undrained strain path excursions 
HI - Deviatoric stress relief 
IJ - Undrained shearing in compression 
Figure 5.5: Stress and Strain Paths Applied to the London Clay Specimens. 
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Table 5.5: Details of the Tests on the London Clay Specimens. 
Point D Point E Strain Strain Rate of ! 
Type of Ocr Or Ocr Or Rate Paths Undrained 
Specimen Test (kPa) (kPa) (kPa) (kPa) AtD&E Ec Ee Shearing 
(%jDay) (%) (%) (%jday) 
Le1 ITS 200 128 54 54 <0.05 2.0 -2.0 5.0 
LC2 ITS 200 128 54 54 <0.05 0.5 -0.5 5.0 . 
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The full details of the stress paths for each specimen are described in the following 
sections. Typical test results are also given. 
5.3.1 "Undisturbed" Samples 
The tests to determine the "undisturbed" stress-strain characteristics of the clays are 
presented in this section. For the Bothkennar clays, the tests involved reconsolidation 
of the specimens to the estimated in-situ stresses, and then shearing in undrained 
compression or extension. Three samples of Bothkennar clay were tested. Two 
samples were taken with the Laval sampler (LaRochelle et al., 1981), and one sample 
was obtained with the Sherbrooke sampler (Lefebvre and Poulin, 1979). Details of 
the stress paths are shown in Table 5.4. One set of results of the undisturbed 
stress-strain characteristics for the lightly overconsolidated natural Bothkennar clays 
is shown in Figures 5.6 and 5.7. The remainder of the results are attached in Appendix 
E. 
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Figure 5.6: Undisturbed Test - Bothkennar Clay Specimen Ll-14A. 
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Figure 5.7: Undisturbed Test - Bothkennar Clay Specimen L1-14A. 
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5.3.2 KRUC Reconsolidation 
Two Bothkennar samples taken with the Laval sampler (La Rochelle et aI., 1981) 
were K 0 reconsolidated to twice their estimated in-situ stresses. The K 0 stress path 
was a pre-defined stress path, therefore actual K 0 conditions may not have been 
maintained on all parts of the stress path. The specimens were then sheared in 
undrained compression. Details of the stress paths are shown in Table 5.4. Two strain 
rates at the end of the reconsolidation path were used. In this way the age of the 
specimens prior to undrained shearing differed. 
One set of results of the KR UC reconsolidation tests on the lightly overconsolidated 
natural Bothkennar clays is shown in Figures 5.8 and 5.9. The remainder of the results 
are attached in Appendix E. 
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Figure 5.8: KRUC Reconsolidation Test - Bothkennar Clay Specimen L1-12B. 
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Figure 5.9: KRUC Reconsolidation Test - Bothkennar Clay Specimen Ll-12B. 
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5.3.3 Ideal Tube Sampling 
Five samples taken with a Laval sampler (La Rochelle et aI., 1981) and one sample 
taken with a Sherbrooke sampler (Lefebvre and Poulin, 1979) were tested, to 
determine the effect of ideal tube sampling on the stress-strain characteristics of the 
Bothkennar clays. In addition, two samples of London clay were tested to determine 
the effect of ideal tube sampling on an overconsolidated reconstituted London clay. 
The details of the stress and strain paths applied to the specimens are shown in Tables 
5.4 and 5.5, for the Bothkennar and London clay specimens respectively. 
One set of results for the ideal tube sampling tests on lightly overconsolidated natural 
Bothkennar clay specimens is shown in Figures 5.10 and 5.11. The remainder of the 
results are attached in Appendix E. One set of results for the ideal tube sampling 
tests on overconsolidated reconstituted London clay specimens is shown in Figures 
5.12 and 5.13. The remainder of the results are attached in Appendix F. 
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Figure S.10: Ideal Tube Sampling Test - Bothkennar Specimen U-lOB. 
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Figure 5.11: Ideal Tube Sampling Test - Bothkennar Specimen I2-10B. 
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Figure S.12: Ideal Tube Sampling Test - London Clay Specimen LC2. 
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Figure 5.13: Ideal Tube Sampling Test - London Clay Specimen LC2. 
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CHAPTER 6 
DISCUSSION OF RESULTS 
6.1 INTRODUCTION 
This Chapter contains a discussion of the results pertaining to the three main areas 
of this research. These three main areas are as follows: 
1) the prediction of tube sampling strains using analytical and numerical tech-
niques; 
2) the investigation of the effects of tube sampling on a lightly overconsolidated 
natural Bothkennar clay, using experimental techniques; and 
3) the investigation of the effects of tube sampling on an overconsolidated 
reconstituted London clay, using experimental techniques. 
The main conclusions from these studies are discussed in detail in the first three 
sections of this chapter. The last two sections of this chapter discuss, in more general 
terms, the implications for sampling and testing procedures. 
6.2 PREDICTIONS OF TUBE SAMPLING STRAINS 
In Chapter 3, the techniques for predicting tube sampling strain paths were presented. 
One technique is based on an analytical solution (Baligh, 1985, Chin, 1986 and Baligh 
et a1., 1987). This technique models a simplified sample tube, the profile of which is 
termed the "simple sampler". The second technique is based on numerical finite 
element techniques (Siddique, 1990), which models the exact geometry of the cutting 
edge and sample tube. Finite element techniques are subject to errors. Siddique 
(1990) did no bench-marking of the finite element techniques against the analytical 
solutions, and so the validity of Siddique's results were questionable. In Chapter 3, 
an analytical solution for the simple sampler is presented. In addition, the numerical 
procedures used by Siddique (1990) were bench-marked, by modelling the profile of 
the simple sampler using the same finite element techniques. The outcome and 
implications of these results are discussed below. 
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6.2.1 Outcome of Analytical and Numerical Analyses 
The profile of the simple sampler (Baligh, 1985), has been successfully obtained using 
a solution based on Bessel functions. The axial strain history on the centre-line of 
the sampler has been obtained analytically, directly from the flow velocity. This 
solution is comparable with the solutions presented by Baligh (1985) and Baligh et 
al. (1987) (see Figure 3.4). The profile of the simple sampler has been modelled using 
numerical finite element techniques. The techniques used were the same as those 
used by Siddique (1990), to model realistic sample tube geometries. The numerical 
procedures adopted by Siddique used the axial strain history at 10% of the cutting 
shoe radius to represent the axial strain history at the centre-line. Despite this, 
Siddique's numerical procedures predicted an axial strain history for the simple 
sampler which is comparable with the analytical solutions. Therefore the indications 
are that the numerical procedures used by Siddique (1990) seem to be correct, and 
the numerical results that Siddique produced for the centre-line of realistic cutting 
shoe geometries are valid. 
For the simple sampler, the profile of the sampler is unique for a specific value of 
B / t. From the superposition of a single ring source and a uniform flow, it is not 
possible to vary the profile of the tip of the sampler. The axial strain history can be 
calculated from the velocity of the flow. The ring source is the only part of the solution 
that produces any change in velocity of the flow. The streamlines for the ring source 
are symmetrical about the x - axis, therefore the predicted axial strain history is 
symmetrical about thex - axis. The axial strain history for the simple sampler tends 
towards zero at large values ofz / B (see Figure 3.4), because the velocity ofthe ring 
source tends towards zero. The profile of the simple sampler has inside clearance 
with a decreasing internal radius with height. The profile of the simple sampler is a 
simplified sampler, the shape of which differs from sample tubes used in the field. 
Siddique (1990) modelled realistic sample tube geometries. He found that the axial 
strain history at the centre-line of the sample tube was dependent on the exact 
geometry of the sample tube. Siddique found that the peak strains in compression 
and extension are not necessarily the same. The extensive axial strain inside the 
sample tube did not always reduce to zero, but stayed at a negative value. Therefore 
the solutions obtained from the simple sampler proflle are not directly applicable to 
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sample tubes used in the field. Baligh (1985) conducted an analytical analysis on a 
flat-ended sampler, obtained similar results to the simple sampler solution and 
concluded that the geometry had no significant effect on the axial strain history. 
However, Figure 2.4 shows that the predictions made by Baligh (1985) and Baligh 
et al. (1987) based on the simple sampler lie very close to the predictions made by 
Siddique (1990) for a flat-ended sampler. This indicates that the simple sampler 
over-estimates the axial strain history for any conventional tube sampler. However, 
Siddique (1990) did agree with Baligh (1985) and Baligh et al. (1987) in concluding 
that the axial strain history was highly dependent on the value of B / t. 
The axial strain history predicted by the solution for the simple sampler, is an idealistic 
solution which over-estimates the axial strain history at the centre-line ofthe sample. 
The exact shape of the sample tube needs to be taken into consideration. Finite 
element techniques can be used to model realistic sample tubes. However the effect 
of the discretisation errors associated with finite element techniques need to be 
minimized to acceptable magnitudes. 
Both the analytical and numerical solutions presented, model the tube sampling 
process as an axisymmetric, incompressible, inviscid fluid flow problem. Therefore 
these solutions are only entirely applicable to the tube sampling of soils, if these 
conditions exist. The solutions do not take into account any friction between the soil 
and the sample tube. Neither do the solutions consider any effect due to the velocity 
of the sample tube penetrating the soil. The solution is based on the behaviour of a 
fluid, therefore a streamline that touches the tip of the sample tube cutting edge is 
expected to follow the inside of the sample tube, whether the tube has inside clearance 
or not. For a soil being sampled with a tube with inside clearance, however it is 
possible that a gap would remain between the surface of the soil and the inside of 
the tube. This is, of course, why inside clearance is used. The amount by which the 
space produced by inside clearance is filled, is probably governed by the soil type; 
whether it is soft or stiff. Siddique (1990) concluded that the peak value of the 
extensive strain of the strain path excursions was controlled partly by the value of 
the inside clearance. Therefore for a clay soil rather than a fluid, the value of the 
extensive strain would most probably be less then that predicted using the existing 
solutions. 
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6.2.2 Tube Sampler Sampling Strains 
Siddique (1990) conducted a parametric numerical study, where the effects of varying 
the area ratio, inside clearance ratio, and outside and inside cutting edge angles were 
investigated. Siddique also conducted a numerical analysis on four different tube 
samplers. These results have been given in Table 2.1. Siddique (1990) concluded that 
the peak compressive strain during the first compressive cycle, was controlled pri-
marily by the value of the area ratio and the outside cutting edge angle. Siddique 
also concluded that the peak extensive strain was controlled primarily by the value 
of area ratio and the inside clearance ratio. These observations have been used to 
summarise the results obtained by Siddique (1990), and are given in Figure 6.1. Figure 
6.1 shows that for a given value of B / t, there is a general trend of increasing peak 
compressive and extensive strain with increasing outside cutting edge angle (OCA) 
and inside clearance ratio (lCR) respectively. The results have been plotted as a 
function of B / t, as it was found that B / t gave a better correlation compared to area 
ratio. Based on these trends, contours of outside cutting edge angle and inside 
clearance ratio have been added by hand to the Figure. The contours are only 
approximate due to the limited amount of data. For a given sample tube of known 
dimensions, using these contours it is possible to estimate what value of peak com-
pressive and extensive axial strains would be imposed on a clay soil sample at its 
centre-line during the sampling process. 
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Table 6.1: Predicted Peak Compressive and Extensive Axial Strains at the 
Centre-line of Different Tube Samplers. 
Sampler Ec E5 
(%) (%) 
NGI-54 0.31 -0.26 
SGI-50 0.58 -0.52 
U1oop~ 0.67 -0.84 UlOO 2 1.14 -1.45 
LAVAL-2oo 0.2 0.0 
NGI-95 0.3 -0.8 
OSTERBERG-127 0.2 -0.3 
The Figure has been used to predict the peak compressive and extensive axial strains 
that would be imposed on a clay soil sample by three tube samplers. The three tube 
samplers are as follows: 
1) the 200mm Laval tube sampler (AR=lO%, Blt=44, ICR=O%, OCA=5 
degrees); 
2) the 95mm NGI research sampler (AR=14%,Blt=40, ICR=1.4%, OCA=lO 
degrees); and 
3) the 127mm Osterberg piston sampler (AR= 18%, Bit =26, ICR = 0.4%, 
OCA = 7 degrees). 
The predictions are summarized in Table 6.1, together with the results obtained by 
Siddique (1990) for the four tube samplers that Siddique analysed. These results 
indicate that the Laval tube sampler (La Rochelle et al., 1981) is the best quality 
tube sampler imposing the least amount of straining to the soil. The results also show 
that the commercially used British U100 tubes are the poorest quality tube samplers 
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Imposed by Tube Samplers. 
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imposing the greatest amount of straining to the soil. Another possible use of Figure 
6.1 and Table 2.1 is that they could be used as design tools to aid the development 
of a tube sampler. 
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6.3 ASSESSMENT OF INFLUENCE OF TUBE SAMPLING ON A 
LIGHTLY OVERCONSOLIDATED NATURAL BOTHKENNAR CLAY 
The Bothkennar clay is a lightly overconsolidated natural clay which has structural 
features. The Bothkennar clay has been described by Hawkins et al. (1989) and Paul 
et al. (1991). The lightly overconsol~dated natural Bothkennar clay specimens have 
been obtained using the highest quality sampling methods available (Lefebvre and 
Poulin, 1979 and La Rochelle et al., 1981) for sampling soft clays. In Chapter 4 the 
experimental apparatus and procedures used for storing, preparing and testing the 
lightly overconsolidated natural Bothkennar clay samples have been presented. In 
Chapter 5 the experiments themselves have been outlined. Three types of test have 
been used to investigate the Bothkennar clay: 
1) "Undisturbed" (CK oue or CK oUE test): to investigate the "undisturbed" 
behaviour; 
2) KRUC reconsolidation (KRUC test): to investigate the effects of reconsoli-
dation beyond yield; and 
3) Ideal tube sampling (ITS test): to investigate the effects of ideal tube sampling. 
The results in their basic form have been presented in Chapter 5 and Appendix E. 
The results are discussed below with particular reference to their effects and 
implications for sampling and testing procedures. 
6.3.1 Effects of Obtaining Bothkennar Samples 
At the beginning of an experiment, the Bothkennar clay specimens could not be 
classified as totally undisturbed. At the very least, the specimens were obtained from 
samples where there had been disturbance due to total stress relief (Skempton and 
Sowa, 1963). Additional disturbance may have occurred to varying degrees due to 
the sampling technique (Hvorslev, 1949), the transportation of the sample (Kall-
stenius, 1979), the sample storage (Clayton et al., 1982), and the specimen preparation 
stage (Baldi et al., 1988). Measurements of the mean effective stress in the specimen 
were taken and are compared with the in-situ mean effective stress in Figure 6.2. 
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The results given in Figure 6.2 correspond to specimens obtained from samples taken 
with the Laval sampler only (La Rochelle et aI., 1981). The Figure indicates that for 
all specimens the entire sampling process has caused a reduction in the mean effective 
stress. The average losses in mean effective stress for each facies type are as follows: 
1) bedded facies - 17%; 
2) mottled facies - 21 %; and 
3) laminated facies - 26%. 
These average losses do not include the result for specimen 12-5A, as this result was 
considered to have been affected by a leak in the membrane. 
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50 
Figure 6.3 shows the reductions in mean effective stress in terms of time since 
sampling. The Figure indicates that there is no trend of increase in loss of effective 
stress with time. This indicates that the method of storage was suitable for storing 
Bothkennar clay samples over protracted periods of up to 500 days. This agrees with 
the observations made by La Rochelle et al. (1986), who developed the method of 
sealing the samples. Therefore the significant decrease in the mean effective stress 
could have occurred, either in the short term during the sampling and sealing stages, 
or during the specimen preparation stage. During sampling, using the Laval sampler, 
the sample is protected from the borehole drilling mud (La Rochelle et al., 1981). 
However, desaturation could possibly occur across silt laminations, sand pockets or 
sand veins. This desaturation could occur during the time period between removing 
the sample from the sample tube and sealing, or while the specimen is being prepared 
in the laboratory. From the profile description of the Bothkennar clay sequence given 
by Paul et al. (1991), the bedded facies consists of a more tightly packed structure 
than the other two facies. Desaturation is therefore less likely to occur in this facies 
and this is consistent with the measured average losses in mean effective stress. The 
laminated facies consists of alternating laminae of silt and clay. Desaturation is 
therefore more likely to occur in this facies, and again this is consistent with the 
measured average losses in mean effective stress. 
Desaturation alone is not the only factor which may have caused a reduction in the 
mean effective stress. The Laval sampler is a tube sampler with no inside clearance. 
Therefore according to the predictions made by BaUgh (1985), Baligh et al. (1987), 
Siddique (1990) and this thesis, during the sampling process the sample tube will 
have imposed strains on the sample. The effect of these tube sampling strains on the 
Bothkennar clays are discussed further, later in this Chapter. 
Two specimens were tested, which were taken from a single sample obtained with 
the Sherbrooke sampler (Lefebvre and Poulin, 1979), from the Laminated facies. 
These specimens were obtained by splitting the sample block in half. One specimen 
was tested immediately, while the second was sealed in cling-film and a de-aired 
plastic bag for seven months before being tested. There was a 77% reduction and 
4% increase in the mean effective stress measured for the first and second Sherbrooke 
specimens respectively. The Sherbrooke sampler does not impose strains on the 
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Figure 6.3: Measurement of Mean Effective Stress Versus Time Since Sampling. 
sample as with the Laval tube sampler, but the sample is surrounded by drilling mud 
(Lefebvre and Poulin (1979». Desaturation is therefore likely to occur during the 
sampling process itself, as well as during the sealing stage and during the specimen 
preparation stage. The measured reduction in mean effective stress of 77% for the 
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first Sherbrooke specimen (SH3-12B-A), is greater than any reduction measured on 
a Laval specimen. This is possibly due to the ease with which desaturation can occur 
when using the Sherbrooke sampler. The second specimen (SH3-12B-B) was trimmed 
at the same time as the first, but was stored before being tested. The measured 
increase in mean effective stress of 4% is not consistent with any other results and 
therefore probably due to drying of the specimen during this storage period. 
During trimming of the specimens, the mean effective stress is likely to increase due 
to drying, or decrease due to desaturation. The use of latex rubber membranes, and 
high air entry porous ceramic drainage discs, could possibly cause changes in mean 
effective stress (Baldi et aI., 1988). The facies type may have influenced the magnitude 
of these effects. Unfortunately these factors, which could have altered the mean 
effective stress in the specimens, cannot be quantified. Apart from the second 
Sherbrooke specimen the method of preparing and testing the specimens in the 
laboratory was the same for each specimen. The effects could therefore, possibly be 
approximately the same for each specimen tested. 
After sampling, the samples were sealed on site with alternate layers of wax and 
cling-film. The first layer to be placed on the sample was a layer of wax. When the 
specimens were being prepared in the laboratory, the different layers were carefully 
removed from the sample. It was noted that on all the samples, the layer of wax 
adjacent to the soil was cracked. This phenomena is shown in Plate 6.1. The cracks 
were generally less then Imm in width, and normally extended vertically the full 
height of the specimen, at an average circumferential spacing of l00mm. Some cracks 
traversed horizontally around the specimen, but were less frequent, and did not 
traverse the entire circumference. The cracks were normally stained orange brown 
or dark brown. The staining was considered to be associated with oxidation of the 
clay soil. It is not known for certain why the cracks existed. One solution is that when 
the first layer of wax was applied to the clay soil surface the wax cooled, contracted 
and cracked. Alternatively, the cracks could have developed during short term 
storage, due to a volume increase of the samples, associated with a progressive 
desaturation process occurring within the sample. The answer is not known, but the 
phenomena is worth noting. 
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Plate 6.1: Cracks in Wax on Bothkennar Samples. 
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The mean effective stress was measured by applying an undrained cell pressure to the 
specimen, and measuring the corresponding pore pressure using a mid-plane pore 
pressure probe. The mean effective stress is taken as the difference between the cell 
pressure and the pore pressure and corresponds to an isotropic state of stress. In situ, 
however, the stresses are anisotropic. This difference is a source of error in the 
method of measurement of the mean effective stress, as it assumes that the soil 
behaves in an elastic manner. A possible alternative method of measuring the mean 
effective stress in the specimen, would be to impose, in the triaxial cell, the in-situ 
total vertical and total horizontal stresses, and to then measure the corresponding 
pore pressure. If the in-situ horizontal stresses are not known, then the in-situ total 
vertical effective stress could be applied in the triaxial cell, and the horizontal total 
stress could be altered until the correct value for the in-situ pore pressure is achieved. 
Comparisons of measured and in-situ mean effective stress for the Laval samples, 
has shown consistently that the sampling process has caused a reduction in the mean 
effective stress in the specimens. For the two Sherbrooke specimens tested, one 
showed a decrease in effective stress, the magnitude of which was far greater than 
that measured for any Laval specimen. For the other Sherbrooke specimen, a 
measured increase in effective stress can be explained in terms of the prolonged 
storage period between specimen preparation and testing. These changes in effective 
stress which occurred before the specimen were tested, are of course unfortunate 
when it is the effects of sample disturbance that are being investigated in the 
experiments. However, the results to follow, indicate that this disturbance has not 
eliminated the relevance of using experiments on natural clay specimens to 
investigate the effects of sampling disturbance. 
6.3.2 The LAVAL Tube Versus the SHERBROOKE Block Sampler 
Presented in Figure 6.4 are the results for the "Undisturbed" ex 0 UC tests on the 
Laval sample (L1-14A) and the Sherbrooke sample (SH3-12B-A). Both samples were 
obtained from similar depths and from the laminated facies. However, the Figure 
indicates that there is a difference in behaviour between the two samples. The local 
axial strain at peak undrained strength is 1.4% and 0.9% for the Laval and Sherbrooke 
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specimens respectively. The measured reduction in mean effective stress was 39% 
and 77% for the Laval and Sherbrooke specimens respectively. As a consequence, 
the volumetric strains during reconsolidation to the in-situ effective stresses, were 
0.7% and 1.4% for the Laval and Sherbrooke specimens respectively. Therefore the 
difference in behaviour between the two specimens could be attributed to the dif-
ference in the volumetric straining during reconsolidation to the in-situ effective 
stresses. Alternatively, it could be true to say that the Laval specimen suffered more 
disturbance during the sampling process than the Sherbrooke specimen. The Laval 
sampler imposes tube sampling strains on the sample, whereas the Sherbrooke 
sampler does not. Therefore, although the measured reduction in mean effective 
stress in the Sherbrooke specimen was much greater than that in the Laval specimen, 
the clay structure in the Sherbrooke specimen may have remained relatively intact. 
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Figure 6.4: Comparison of Laval and Sherbrooke Samples. 
6.3.3 Effects of Strain Path Amplitude 
J 
Figure 6.5 shows results for three of the "ideal tube sampling" tests on Laval speci-
mens. It can be seen from this Figure that increased amplitUde of imposed axial strain 
during the undrained strain paths was generally associated with the following: 
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1) increasing reductions in the mean effective stress between the beginning and 
end points of the cycle, i.e. between points D and G; 
2) increasing strains during reconsolidation to the in-situ effective stresses fol-
lowing the strain path cycle, i.e. along path HABD; 
3) reducing peak undrained strengths along path DJ compared to path DE; and 
4) reducing stiffness during undrained triaxial compression along path DJ com-
pared to path DE. 
Statements 3) and 4) above do not apply for the experiments where a strain path 
amplitude of ±O.5% axial strain was applied. For these specimens (12-9A and 
SH3-12B-B), during the undrained triaxial compression path DE peak undrained 
strength was not achieved. In addition, the stiffness during undrained triaxial com-
pression along path DJ was greater than along path DE. 
These effects of strain path amplitude on the Bothkennar natural clay specimens are 
examined in greater depth in the following sections. 
6.3.4 Changes in Effective Stress 
The reductions in mean effective stress as a function of strain path amplitude are 
given in Figure 6.6. The reductions have been separated into those that occurred due 
to the tube sampling strains (Point G), and those which occurred due to deviatoric 
stress relief or "perfect sampling" (Point H). It can be seen that in all cases, the 
majority of the reduction of mean effective stress occurred due to the tube sampling 
strains, rather than the deviatoric stress relief. The reduction due to deviatoric stress 
relief ranges from 5-10% and did not appear to be controlled entirely by the amplitude 
of the strain cycle. However, the reduction in mean effective stress due to the tube 
sampling strains increased consistently with the increasing amplitude of the strain 
cycle. 
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Figure 6.S: Ideal Tube Sampling on Bothkennar Natural Clay. 
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2.0 
These observations are in agreement with BaUgh et al. (1987), who also noted that 
the majority of the reduction in mean effective stress occurred due to the tube 
sampling strains, rather than to deviatoric stress relief or perfect sampling. This 
observation also confirms that the use of perfect sampling does not adequately model 
the tube sampling process. The perfect sampling approach is an under-estimation of 
the magnitude of the effect of the tube sampling process. In this research only the 
deviatoric stress was released, whereas in practice the total stress is reduced to zero. 
The effects of total stress relief on the Bothkennar clays have not been investigated. 
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6.3.5 Strains During Reconsolidation 
After the ideal tube sampling strain path excursions, the specimens were recon-
solidated to their in-situ stresses. This reconsolidation path corresponds to path 
HABD in Figure 5.5. The volumetric and axial strains during this reconsolidation 
stress path, as a function of the maximum strain path amplitude, are shown in Figure 
6.7. The reconsolidation strains have been divided into those occurring during the 
isotropic section (RAB) and those occurring during the anisotropic section (BD), of 
the reconsolidation stress path. 
Figure 6.7 shows that increasing reconsolidation strains were associated with 
increased shear strain disturbance during the ideal tube sampling strain path 
excursion. In addition, the majority of the reconsolidation volumetric and axial 
straining occurred during the anisotropic section of the stress path. 
Figures 6.6 and 6.7 have shown consistently that as the level of shear strain disturbance 
increased their was a corresponding decrease in effective stress, and an increase in 
the reconsolidation strains during reconsolidation to the in-situ effective stresses. 
These two effects have been combined in Figure 6.8. Figure 6.8 shows the recon-
solidation strains as a function of the reductions in mean effective stress. Two sets 
of data are included in this Figure. One set corresponds to the ideal tube sampling 
experiments (i.e. data from Figures 6.6 and 6.7). This set of data is indicated with a 
dashed line, the specimen name and the strain cycle amplitude. The second set of 
data corresponds to the reductions in mean effective stress as a result of obtaining 
the samples from the ground, and the corresponding volume and axial strains when 
the specimen is first reconsolidated to its in-situ effective stresses (i.e. before the 
ideal tube sampling). This second set of data corresponds to samples obtained with 
the Laval tube sampler from the bedded and mottled facies. The first set of data 
corresponds to reductions in mean effective stress due to shear straining and 
deviatoric stress relief only. However, the second set of data corresponds to reduc-
tions in mean effective stress associated with shear straining and total stress relief 
and hence the effects of desaturation. 
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The measured reductions in mean effective stress as a consequence of obtaining 
natural samples from the ground were of the order of 10-25%. The corresponding 
reconsolidation strains were of the order of 0.1-0.2% and 0.2-0.3% for the volume 
and axial strains respectively. Figure 6.8 indicates clearly that the magnitude of the 
reductions in mean effective stress and reconsolidation strains associated with strain 
path excursions greater than ±0.5%, were significantly larger than those associated 
with taking the sample from the ground and reconsolidating the specimen to its in-situ 
stresses. Therefore a possible tentative conclusion, is that the Laval tube sampler 
imposed strains to the Bothkennar samples, the amplitude of which were equal to 
or less than ±0.5%. This conclusion agrees with the predictions made in Table 6.1 
and Figure 6.1. This statement assumes also, that the measured reductions in mean 
effective stress were controlled principally by the shear strains imposed by the Laval 
sample tube rather than by desaturation. 
The two specimens used in the "Undisturbed" IT 0 UC tests were obtained from the 
laminated facies. For these specimens, the measured reductions in mean effective 
stress and reconsolidation volume strains were much larger: 39% and 0.7% for 
specimen L1-14A; and 77% and 1.35% for specimen SH3-12B-A respectively. This 
possibly indicates that for the Laval sampler, the shear strains imposed during the 
sampling process were more detrimental to the laminated facies, than to the bedded 
and mottled facies. However, in Figure 6.8, the result indicated by SH3-12B-B (ideal 
tube sampling test on a specimen from the laminated facies) does not support this. 
The alternative is based on the hypothesis that desaturation was more likely to occur 
in the laminated facies. The higher magnitudes of reductions in mean effective stress 
and reconsolidation strains, in excess of those predicted by a strain path excursion 
of±0.5%, are therefore considered to be associated with the increased magnitude 
of desaturation. 
For the Bothkennar clay, a reduction in the mean effective stress is associated with 
undrained shear straining imposed by the sample tube, and or de saturation. No matter 
what the cause of the reduction in mean effective stress is, the indications are that 
higher reconsolidation strains are associated with higher reductions in mean effective 
stress. The question arises as to what is more detrimental to the undrained strength 
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and stiffness parameters: a reduction in mean effective stress associated with 
undrained shear straining; or a reduction in mean effective stress associated with 
desaturation? 
6.3.6 Changes in Stiffness 
In order to compare the results of undrained secant stiffnesses on samples from 
different depths, it is necessary to normalise the data. The use of normalisation is 
based on the hypothesis that stiffness and strength is controlled solely by the effective 
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stress level (Ladd and Foott, 1974, Jamiolkowski et al., 1985 and Atkinson et al., 
1986). In natural clays, however, stiffness and strength are also controlled by the 
structural features (Skempton, 1944, Leroueil et aI., 1979, Jamiolkowski et al., 1985, 
Tavenas and Leroueil, 1985, Burland, 1990 and Leroueil and Vaughan, 1990). The 
use of normalisation on naturally deposited clays is therefore problematical. The 
Bothkennar clays are natural clays, and have therefore been deposited anisotropi-
cally. The clays are also lightly overconsolidated (Hawkins et al., 1989 and Paul et 
al., 1991). The most appropriate stress level to use in normalising the data is the 
anisotropic effective stresses on theK 0 deposition line prior to the swelling loop (i.e. 
the maximum previous in-situ consolidation stresses), (Leroueil and Vaughan, 1990). 
However, these stresses are not known and so the undrained secant stiffness data 
has been normalized with respect to p~, the mean effective stress prior to undrained 
shearing (i.e point D). 
When conducting the ideal tube sampling tests, the specimens were first reconsoli-
dated to their in-situ stresses, and then the first strain path was an undrained shearing 
path in triaxial compression. The secant stiffnesses for this path, which are in effect 
"Undisturbed" stiffnesses, are shown in Figure 6.9. Also shown in Figure 6.9 are the 
secant stiffnesses for the "Undisturbed" CK 0 UC tests on Laval and Sherbrooke 
specimens taken from the laminated facies. Figure 6.9 indicates a non-linear stiffness 
behaviour, with stiffness being attributed to the facies type. The stiffness decreases 
from the mottled, to bedded, to laminated facies. Specimen SH3-12B-B exhibits a 
significantly higher stiffness than specimen SH3-12B-A, even though both specimens 
were taken from the same block sample. This difference is attributed to the possible 
drying of specimen SH3-12B-B during its prolonged storage period. Specimens U-
lOB and LI-13B were both taken from approximately the same depth in the mottled 
facies. However for specimen Ll-13B, the strain rate at Point D prior to undrained 
shearing was < 0.5 % / day compared to < 0.05 % / day for specimen U-I OB. Therefore 
the difference in stiffness is consistent with the age (Baldi et al., 1988) of the specimens 
prior to undrained shearing in triaxial compression. 
After the ideal tube sampling strain path excursions, the specimens were recon-
solidated a second time to their in-situ stresses (Point D), and then sheared to failure 
in triaxial compression (i.e. Path DJ). The reconsolidation stress paths before and 
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Figure 6.9: Normalized Secant Stiffness on First Loading Following 
Reconsolidation to In-situ Stresses. 
after the sampling strain paths were in the same direction (i.e. Path BD). Therefore 
the orientation of the small strain zones (Hight et al., 1985a) are the same, and the 
secant stiffness obtained after the ideal tube sampling (Path DJ), are comparable 
with those obtained during the first strain path (Path DE). The normalized secant 
stiffnesses after the ideal tube sampling, are shown in Figure 6.10. In addition, the 
percentage reductions in normalized secant stiffness due to the ideal tube sampling, 
are shown in Figure 6.11. These Figures indicate clearly that there is a progressive 
reduction in stiffness, with increasing amplitude of the strain cycle above ±O.5%. A 
reduction in water content in the specimen during reconsolidation, after the strain 
cycle and perfect stress relief, would be expected to cause an increase in stiffness. 
However, even after this volumetric straining during reconsolidation, restoration of 
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the in-situ effective stresses, and ageing, the original normalized secant stiffness is 
not recovered when the strain cycle amplitude exceeds ±O.5%. This progressive 
reduction in normalized secant stiffness is associated with the de structuring (Leroueil 
et al., 1979) of the structural features of the natural Bothkennar clay, due to the 
increasing shear strains during the ideal tube sampling strain path excursions. This 
indicates that the destructuring due to the shear straining, controls the reduction in 
stiffness, rather than the volumetric straining, when the strain cycle amplitude exceeds 
±O.5%. 
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The normalized secant stiffnesses after a strain cycle amplitude of±O.5%, increased. 
This is considered to be because the reduction in water content during reconsoli-
dation, controlled the stiffness, rather than any damage to the structure due to shear 
straining during the strain path cycles. This would indicate some form of threshold 
between when volumetric straining (changes in water content and damage to 
structure) and undrained shear straining (damage to structure) control the stiffness. 
,In addition, the question arises as to what causes more damage to structure; volu-
metric straining or shear straining? 
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6.3.7 KRUC Reconsolidation 
The KRUC reconsolidation tests were conducted on specimens 12-12B and L2-10A. 
Specimen L2-12B was taken from the bedded facies, and U-lOA was taken from the 
mottled facies. Both specimens were reconsolidated to twice their in-situ effective 
stresses along a pre-defined stress path corresponding to a value of K 0 = 0.5. The rate 
of loading, as with all reconsolidation stress paths, was controlled by the difference 
between the mid-plane and base pore pressures. This difference was not allowed to 
exceed 5 % of the current vertical effective stress. Figure 6.12 shows the rate of vertical 
effective stress as a function of the vertical effective stress, along the K 0 = 0.5 stress 
path. The Figure shows that there was a significant reduction in the rate of loading 
at a vertical effective stress of approximately lOO-120kPa. Beyond this point the excess 
pore pressures were less easily dissipated, as the permeability decreased, and hence 
the rate of loading was reduced. 
Figure 6.13 shows the lateral strain as a function of vertical effective stress. At 
approximately the same points as where the rate or loading decreases, the lateral 
strain decreases, indicating an increase in the diameter of the specimen. This Figure 
indicates that a higher value of K 0 would have been more appropriate beyond this 
point. 
165 
Rate 2.8 
of 
Vert. 2.~ 
Eff. L2-10A 
Stress 2.0 
(kPa/hour) 
1.6 
1.2 
0.8 
0.4 
0 
60 80 100 120 140 160 
Vertical Effective Stress (kPa) 
Figure 6.12: Rate of Loading Using Pore Pressure Control for 
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Figure 6.14 shows the axial strain as a function of vertical effective stress. The point 
A corresponds to the point at which the stress path reaches yield. The afore-men-
tioned reduction in rate of loading or change in pore pressure response and the 
reductions in lateral strain, correspond to yielding of the soil. Figure 6.14 shows close 
up plots of the stress-strain plot at, and beyond yield. It is apparent that both specimens 
exhibited a "stick-slip" response in which there was a series of collapses at almost 
constant stress. Delage and Lefebvre (1984) used scanning electron microscopy and 
mercury intrusion porosimetry, to demonstrate that a typical Champlain sea clay has 
an aggregated fabric with both inter-aggregate pores (pore entry size O.125-1.0~m) 
and intra-aggregate pores (pore entry size O.OO5-0.125~m). Under one-dimensional 
loading, Delage and Lefebvre observed a progressive collapsing of the structure, with 
collapse from the largest, at the preconsolidation pressure, to the smallest 
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inter-aggregate pores. This response is similar to that observed during the KRUe 
reconsolidation tests on the Bothkennar clays, and suggests that there was a pro-
gressive break-down of the structure during volumetric straining. However this 
progressive destructuring is only apparent once the specimen has been subjected to 
volumetric strains beyond yield. 
Figure 6.15 shows schematically the expected orientations of the small strain zones 
prior to undrained shearing for the "Undisturbed" and KRue reconsolidation tests. 
For the "Undisturbed" experiments, the anisotropic reconsolidation path is orientated 
at an angle of 45 degrees to the horizontal in t', s' stress space. For the KRUe 
reconsolidation stress path corresponding to a value of K 0 = 0.5, the stress path is 
orientated at an angle of 22.5 degrees to the horizontal. Therefore there is expected 
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During KRUC Reconsolidation Tests. 
to be a difference between the orientations of the small strain zones prior to undrained 
shearing. This difference means that the undrained secant stiffnesses for the two 
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types of experiments are not strictly comparable. However, Figure 6.15 shows that 
the effect on secant stiffness due to the difference in orientation of the small strain 
zone, should be slight. 
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In Figure 6.16, the normalized secant stiffnesses from three types of experiments 
have been shown. The secant stiffnesses obtained from the CK 0 UC tests on speci-
mens from the Laminated facies are shown. These results are those corresponding 
to Figure 6.9, and represent the lowest stiffnesses obtained for the "Undisturbed" 
Bothkennar clay. Comparison with the secant stiffnesses obtained from the KRUC 
reconsolidation tests, shows that the KRUC reconsolidation results represent a lower 
bound stiffness. Once again, the stiffnesses are consistent with the age ofthe specimen 
prior to undrained shearing in triaxial compression. Also shown in Figure 6.16 are 
the secant stiffnesses obtained from the strain path tests after the ideal tube sampling 
strain path excursions and reconsolidation to in-situ stresses. The strain path 
excursions correspond to a strain cycle amplitude of ±2.0%. These results lie very 
close to those obtained from the KRUC reconsolidation results. This would appear 
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to indicate that an undrained shear strain path excursion of±2.0%, and consequent 
reconsolidation (volumetric strain = 0.9-1.2%), produces a reduction in undrained 
secant stiffness almost equivalent to a volumetric straining of 6.6-8.6% through yield. 
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Figure 6.16: Normalized Secant Stiffness Along Path CJ for KRUC 
Reconsolidation and Path DJ for CK 0 UC and Ideal Tube Sampling Tests. 
6.3.8 Changes in Undrained Peak Strength 
Shown in Figure 6.17, is the percentage reduction in undrained peak strength as a 
function of strain cycle amplitude. This loss in strength was calculated for each 
specimen, by dividing the maximum stress on Path OJ by that on Path OE ("undis-
turbed strength"). 
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For low amplitudes of strain ( ±O.5%), the "undisturbed strength" 
was obtained from specimens from the same block, and hence similar depth and 
facies type. Specimen SH3-12B-B showed a significant increase in strength compared, 
with specimen SH3-12B-A, from the same block. This is attributed to the drying of 
specimen of SH3-12B-B during the prolonged storage period, rather than due to any 
effect of the ideal tube sampling test. Figure 6.17 shows clearly that there is pro-
gresslve reduction in peak strength, with increased amplitude of the strain 
path excursions. However, the magnitude of the reduction in strength is small (less 
than 12%), compared with the maximum reduction in effective stress (60%), or 
stiffness (62%). 
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Figure 6.17: Reduction in Undrained Peak Strength as a Function of 
Strain Cycle Amplitude. 
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6.3.9 Effect on Yield Surface 
Figure 6.9 indicates that undrained secant stiffnesses varied, according to the facies 
type. Structural features are likely to vary from one facies type to another and 
therefore normalisation with respect to consolidation stresses is not appropriate 
unless the specimens are from the same block, or the effects of structure have been 
removed due to reconsolidation. Figure 6.18 shows the undrained stress path along 
Path DJ for two specimens from the same block (12-9), subjected to strain cycle 
amplitudes of±O.5% and±l.O%. Also shown, are the undrained stress paths along 
Path CJ for the KRUC reconsolidation tests. The Figure indicates a progressive 
shrinking of the yield surface, associated with either shear straining or volumetric 
straining. 
During the KRUC reconsolidation tests, the specimens were not subjected to any 
swelling at the end of the reconsolidation stress path, and hence the SHANSEP 
procedures (Ladd and Foott, 1974) are not directly applicable. However, by adopting 
an OCR of 1.5 and assuming as an upper bound: 
it is possible to estimate the peak strength from the normalized normally consolidated 
stress path in Figure 6.18. This upper bound is shown in Figure 6.18, and it can be 
seen that on this basis, that SHANSEP procedures would not recover the in-situ 
behaviour. However, the normalized yield surface would be expected to be in a very 
similar position to the yield surface corresponding to an ideal tube sampling test 
where a strain cycle amplitude of±2.0% was applied. Therefore this indicates, again, 
that the undrained shearing caused by a strain cycle amplitude of ±2.0%, produces 
a level of destructuring equivalent to a level of volumetric straining, through yield, 
of between 6.6 and 8.6%. 
The effects of ideal tube sampling on the yield surface are shown in Figure 6.19. 
Here, the stress paths along Path OJ have been normalized with respect to the 
maximum shear stress along Path DE. The Figure indicates, again, a progressive 
shrinking of the yield surface due to progressive destructuring, as a result of ideal 
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Figure 6.18: Effective Stress Paths Normalized With Respect to the Vertical 
Effective Stress Prior to Undrained Shearing. 
tube sampling, and consequent reconsolidation to in-situ stresses. Figure 6.19 also 
shows that a strain path excursion of amplitude±O.5%would seem to cause very little 
change in the shape of the yield surface. Figure 6.20 shows plots of t' versus local 
axial strain during undrained triaxial compression for the Path DE of the ideal tube 
sampling strain path excursions. This Figure shows that significant yielding of the 
Bothkennar clay begins to occur at an axial strain of about 0.4%. Therefore because 
a strain cycle amplitude of 0.5% does not shear the specimen much beyond yield, 
there is little effect on the yield surface. However, as the amplitude ofthe strain cycle 
increases a long way beyond initial yield, and even beyond peak strength, there is 
increased disturbance to the clay structure and further reductions in the size of the 
yield surface. 
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The amount of straining that occurs in triaxial compression (i.e Path DE) has been 
shown to be important. Also of importance, is the amount of straining that occurs in 
triaxial extension (i.e. Path EF). Figure 6.21 shows normalized stress paths for three 
different tests. The triaxial extension test on specimen Ll-13A from the mottled 
facies at a depth of 7.24-7.47 metres, is shown with data points (Path DJ). Also shown, 
are the strain path excursions, deviatoric stress relief and reconsolidation paths (Path 
DEFGHD), for two ideal tube sampling tests. One test represents a strain cycle 
amplitude of±2.0%, and the other represents a strain cycle amplitude of±O.5%. The 
strain cycle amplitude of ±2.0% was conducted on specimen 12-lOB, which again 
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Figure 6.20: Yielding in Undrained Triaxial Compression During Path DE 
of the Ideal Tube Sampling Tests. 
comes from the mottled facies at a similar depth to specimen Ll-13A, of 7.37-7.60 
metres. Therefore the yield surface shown schematically in Figure 6.21 represents 
the approximate position of the "undisturbed" yield surface for the mottled facies, at 
a depth of 7.24-7.60 metres. The strain cycle amplitude of±O.5% was conducted on 
specimen I2-9A, which comes from the bedded facies and a more shallow depth of 
6.85-7.08 metres. The yield surface for this facies and depth would therefore probably 
be smaller than that shown schematically in Figure 6.21. Considering the strain path 
excursion of±O.5%, the initial compressive phase (Path DE, I2-9B) does not reach 
yield, little disturbance occurs, and the size of the yield surface is not expected to 
change. However, during the triaxial extension phase (Path EF, I2-9B), the path 
approaches yield, and possible disturbance could occur. Considering the strain path 
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excursion of±2.0%, the initial compressive phase (Path DE, U-lOB) strains the soil 
beyond yield and peak strength, the structure breaks down and the size of the yield 
surface decreases. Figure 6.21 shows that during the triaxial extension phase (Path 
EF, U-lOB), the path does not approach the yield surface shown. However, the yield 
surface is expected to have now decreased in size, and so it is possible for a further 
break-down in the structure to occur during the extension phase. Therefore although 
destructuring may not occur during the compression phase, when a small strain 
amplitude is applied, it may occur during the extension phase due to the proximity 
to the yield surface. If large amounts of destructuring occur during the compression 
phase due to a large strain amplitude, the yield surface collapses and further des-
tructuring is possible during the extension phase. The amplitude of the extension 
phase is therefore relevant, as well as the amplitude of the compression phase. 
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6.4 ASSESSMENT OF INFLUENCE OF TUBE SAMPLING ON AN 
OVERCONSOLIDATED RECONSTITUTED WNDON CLAY 
The reconstituted London clay was prepared using slurry techniques (Siddique, 1990) 
in a one-metre diameter hydraulic consolidation tank. The clay specimens were 
overconsolidated to an OCR =3.7, in the triaxial cell. The clay may be described as 
overconsolidated, reconstituted and aged (Burland, 1990). In Chapter 4, the 
experimental apparatus and procedures used for storing, preparing and testing the 
overconsolidated reconstituted London clay samples have been presented. In 
Chapter 5, the experiments themselves have been outlined. The effects of ideal 
sampling for the London clay has been investigated using the ideal tube sampling 
test (ITS). 
The results in their basic form have been presented in Chapter 5 and Appendix F. 
The results are discussed below with particular reference to their effects and 
implications for sampling and testing procedures. 
6.4.1 Effect of Testing Procedure 
The experimental procedure used when testing the specimens of reconstituted 
London clay, differed from that used on the Bothkennar specimens. Stresses and 
deformations were controlled entirely by the computer in the Bothkennar experi-
ments, where as they were controlled manually during the London clay experiments. 
Manual control meant that during the K 0 consolidation and swelling paths, stresses 
were applied in increments of stress, equivalent to a change in vertical effective stress 
of5kPa. This manual incremental procedure meant that the actual stress path applied 
to the specimen deviated from the desired stress path, by amounts of up to 5kPa. In 
the Bothkennar experiments where the computer controlled the experiments, the 
stresses were again applied in increments, but the increments were less than or 
equivalent to lkPa. This figure of lkPa was governed by the calibration accuracy of 
the transducers used to measure the cell pressure and back pressure. 
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In addition to the effects of applying consolidation and swelling stresses in large 
increments, the specimens of London clay in the triaxial apparatus were subjected 
to unforeseen stress relief. When conducting the experiments the, University of 
Surrey suffered a number of electrical power cuts to mains supply. The deviatoric 
stress being applied to the specimen was maintained by a double acting Bellofram 
rolling diaphragm air actuator. The air pressure differential between the upper and 
lower chambers of the air actuator, ·and hence deviatoric stress, was maintained by 
two solenoid valves. The position of the solenoid valves was controlled by the com-
puter. After the power failure, when the power was reinstated, the re-set signal from 
the computer altered the position of the solenoid valves such that the air pressure 
in the upper and lower chambers of the air actuator were equal. Therefore this 
reduced the deviatoric stress on the specimen to zero, and the specimen was subjected 
to deviatoric stress relief. When the software was re-Ioaded and run on the computer 
the solenoid valves were switched to their original position, and the deviatoric stress 
was re-applied. In addition to power failures, the Soil Mechanics Laboratory suffered 
a number of failures in the compressed air system. The deviatoric stress, cell pressure 
and back pressure are all maintained using compressed air systems. Therefore when 
the compressors broke down, and the air pressure reduced to zero, all applied stresses 
also reduced to zero. The specimen was therefore subjected to total stress relief. 
The consequence of the use oflarge manual incremental loads to apply consolidation 
and swelling stresses, together with the unforeseen stress relief suffered by the two 
London clay specimens tested, was that the stress history (Atkinson et al., 1986) of 
the two specimens differed. Therefore the results obtained from the two experiments 
are not directly comparable. In their own right, however, the experiments are 
acceptable. 
The results for the ideal tube sampling tests on the London clay are given in Figure 
6.22. The strain path excursions were of amplitude±0.5% and±2.0%. The effects of 
these strain path excursions, and deviatoric stress relief, on effective stress, stiffness 
and strength are discussed below. The results are also compared with those obtained 
by Hajj (1990), who conducted similar tests on reconstituted Kaolin. 
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Figure 6.22: Ideal Tube Sampling on Overconsolidated Reconstituted London 
Clay. 
6.4.2 Changes in Effective Stress 
At the end of the swelling loop (i.e. Point E in Figure 5.2), the axial Hall effect devices 
were out of range. Therefore the back pressure valve was closed, the cell pressure 
was reduced to zero, and the triaxial cell was dismantled. The Hall effect devices 
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were re-set, the triaxial cell was then re-assembled, and the original isotropic cell 
pressure was re-applied. The specimen was therefore subjected to total stress relief, 
undrained, from a state of isotropic stress. Therefore at the start of the idealized 
strain path excursions heavily overconsolidated reconstituted London clay specimens 
could not be described as totally undisturbed. The changes in mean effective stress 
during this un-load re-Ioad loop were a decrease in effective stress of 1.5 % and 2.3 %, 
for specimen LCI and LC2 respectively. The changes were therefore very small. 
The reductions in mean effective stress, during the ideal tube sampling tests, as a 
function of strain path amplitude are given in Figure 6.23. The reductions have been 
separated into those which occurred, due to the tube sampling strains (Point H), and 
those which occurred due to deviatoric stress relief or perfect sampling (Point I). 
Also shown are the maximum changes in effective stress quoted by Hajj (1990) for 
a strain cycle amplitude of± 1.0%. It can be seen that for the London clay (OCR = 3.7), 
there was very little change in effective stress during the tube sampling strain paths 
with a slight increase in effective stress for a strain cycle amplitude of ±2.0%. The 
majority of the change in effective stress occurred during deviatoric stress relief, 
where there was a measured increase in effective stress. The maximum increase in 
effective stress was 8%. In comparison, however, Hajj (1990) found that a strain cycle 
amplitude of ± 1.0%, combined with deviatoric stress relief, caused an overall 
reduction in effective stress. There is therefore a difference between the behaviour 
of the Kaolin clay tested by Hajj (1990), and the London clay tested here, although 
the changes in effective stress in both cases are small. An increase in effective stress 
is in agreement with Hight et al. (1985) and Hight (1986), who predicted an increase 
in effective stress due to ideal tube sampling of a heavily overconsolidated clay. It is 
interesting to note, however, that the majority of the increase in effective stress 
occurred due to deviatoric stress relief rather than due to the strain path excursions. 
6.4.3 Changes in Stiffness and Strength 
Secant modulus stiffnesses during the undrained compression phases of the tube 
sampling tests (i.e. Paths EF and U) are normalized with respect to the mean effective 
stress prior to compression in Figure 6.24. The Figure shows a non-linear behaviour. 
For both tests the ideal tube sampling has caused a reduction in normalized secant 
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2.0 
stiffness at strain levels larger than about 0.01 %. For specimen LC2 at strains smaller 
than 0.01 %, Figure 6.24 shows the measured stiffnesses to be erratic. The rate of 
axial strain prior to undrained shearing for both specimens was the same, at less than 
0.05 %/day. The erratic behaviour cannot therefore be attributed to the age of the 
specimen. The reason for this erratic behaviour is not known, and so stiffnesses below 
0.01 % axial strain are suspect, and have not been used in this discussion. The per-
centage reductions at small and large strains are given as a function of strain cycle 
amplitude. It can be seen that at small strains, both amplitudes of strain path excursion 
have caused a similar reduction in the stiffness, of about 25%. At large strains, the 
magnitude of the reduction is marginally higher. 
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Following the strain path excursions and deviatoric stress relief, Hajj (1990) applied 
a reconsolidation stress path to the specimens of Kaolin, to reproduce the same stress 
history as that prior to the idealized tube sampling (see Figure 2.12). This meant that 
Hajj (1990) measured no significant change in small strain stiffness. However, the 
change that Hajj (1990) did report was an increase in stiffness following ideal tube 
sampling, and this is attributed to the reduction in moisture content that occurred 
during reconsolidation. Because of these differences, the stiffnesses measured by 
Hajj are not directly comparable with those shown in Figure 6.24. It would appear 
that Hajj (1990) effectively removed the effects on stiffness of ideal tube sampling, 
by re-applying the reconsolidation path. 
In these tests there was no reconsolidation following the ideal tube sampling. This 
meant that the effects of the tube sampling were not removed. However, it also meant 
that the orientation of the small strain zone prior to Path 11, was likely to be different 
from the orientation of the small strain zone prior to Path EF. This is shown sche-
matically in Figure 6.25. The expected positions of the small strain zones after Paths 
DE and HI (Le. before Paths EF and IJ respectively) are shown. These positions 
would indicate that the small strain stiffness along Path IJ would be expected to be 
larger than the small strain stiffness along Path EF. However, the measured stiffnesses 
are not in agreement with this. Therefore either the estimated orientations of the 
small strain zones are wrong, or the effect of the ideal tube sampling has caused a 
significant reduction in the size of the small strain zone. The latter is the most likely 
explanation, but is not known for certain. However, the dilemma remains that if the 
stiffnesses before and after ideal tube sampling are to be compared, the recent stress 
histories ideally need to be the same. Hajj (1990) has shown that small strain stiff-
nesses are effectively then restored, but the effect on stiffness of the ideal tube 
sampling is ultimately not known. 
Normalized stress paths of the undrained compression phases of the strain path tests 
(Paths EF and 11) are given in Figure 6.26. The stress paths have been normalized 
with respect to the vertical effective stress prior to undrained compression. Con-
sidering the stress paths corresponding to specimen LeI and a strain cycle amplitude 
of==0.5 %, the initial cycle (Path EF) did not strain the specimen beyond peak strength. 
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After ideal sampling, there is very close agreement between the shape of the stress 
paths EF and U. Considering the stress paths corresponding to specimen LC2 and a 
strain cycle amplitude of ±2.0%, the initial cycle (Path EF) again did not strain the 
specimen beyond peak strength, however, judging by the shape of the stress-strain 
curve (see Figure 6.22), peak strength may have been attained. The shape of the 
effective stress path after ideal tube sampling (Path U) diverges from the shape of 
the stress path at the start of ideal tube sampling (Path DE). Ideal tube sampling 
caused a 6% reduction in the measured peak deviatoric stress and, a 56% increase 
in the measured axial strain at peak deviatoric stress. In contrast, Hajj (1990) quotes 
a 16% increase in the peak deviator stress as a result of ideal tube sampling with a 
strain cycle amplitude of±1.0%. This measured increase in strength is attributed to 
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the reduction in water content as a result of the reconsolidation stress path used after 
the ideal tube sampling, rather than due to any effect associated with the ideal tube 
sampling. 
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Indications are that the nature of the effects of ideal tube sampling on peak strength 
of overconsolidated reconstituted London clay, are similar to those obtained from 
tests on the natural Bothkennar clay. If the initial phase ofthe strain cycle amplitude 
(Path DE) approaches yield or peak strength, then more damage will occur compared 
to a strain cycle amplitude which does not strain the specimen beyond yield. As with 
the natural clay, the amplitude of the extension phase of the strain cycle (Path EF) 
is important if this path approaches yield. Progressive destructuring and the corre-
sponding shrinking of the yield surface is not applicable to the reconstituted clay, as 
it is not considered to have any significant fabric features. All stages of the ideal tube 
sampling were conducted undrained. Therefore any effects on behaviour are asso-
ciated with changes in effective stress and not structure. The differences between the 
nature of the effects of ideal tube sampling on stiffness and strength reported by Hajj 
(1990), compared to those reported here, can be explained in terms of the recent 
stress histories and changes in water content imposed by Hajj on the specimens of 
Kaolin. 
6.4.4 Normally Consolidated versus Overconsolidated 
Reconstituted London Clay 
Siddique (1990) conducted a series of ideal tube sampling tests on specimens of 
normally consolidated reconstituted London clay. At the end of theK 0 consolidation 
line, Siddique (1990) did not allow for any ageing of the specimens, and so the 
specimens were termed as young normally consolidated reconstituted clay specimens. 
The tests were essentially the same, except that Siddique did not apply deviatoric 
stress relief to the specimens after the strain path excursions. The specimens were 
therefore sheared undrained to failure, from the end of the second compressive phase 
of the strain path excursions. 
In Chapter 2, the results obtained by Siddique (1990) were summarized in Figure 
2.11. The changes in mean effective stress, stiffness, strength, and strain at peak 
strength were presented as ratios compared with the "Undisturbed" behaviour. The 
results obtained on the overconsolidated reconstituted clay, have been combined 
with those for the normally consolidated reconstituted clay in Figure 6.27. For a strain 
cycle amplitUde of :1::0.5%, only values for effective stress and stiffness are known, 
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whereas for a strain cycle amplitude of±2.0%, values for all the ratios are given. The 
values of mean effective stress represent changes occurring due to the strain cycle 
only, and do not include effects due to deviatoric stress relief. The ratios of effective 
stress are therefore comparable with those obtained by Siddique (1990). As the 
specimens used by Siddique were un-aged or young, the effects of ideal tube sampling 
reported by Siddique are expected to be over-estimates. However, Figure 6.27 
indicates that the effects of ideal tube sampling on reconstituted London clay are 
more detrimental when the clay is normally consolidated, than when the clay is 
overconsolidated. 
One explanation as to why the effects of ideal tube sampling are more detrimental 
to the normally consolidated reconstituted London clay than to overconsolidated 
clay, is given in Figure 6.28. The Figure shows schematically, the position of the yield 
surface for the clay. For the normally consolidated clay, which is positioned on the 
yield surface, the first strain cycle (Path AB) causes the majority of the reduction in 
effective stress as it follows the yield surface. The extension cycle (Path Be) 
approaches the yield surface and mayor may not touch it, causing possible further 
yielding and reduction in effective stress. Deviatoric stress relief is not shown, as the 
majority of the reduction in effective stress occurs during the strain path excursions. 
For the overconsolidated clay, however, the initial position of the clay is inside the 
yield surface. Therefore the strain cycle is less likely to approach yield, and the clay 
behaves in a relative elastic manner, with little change in effective stress. Any further 
increase in effective stress due to deviatoric stress relief is expected to be relatively 
small. 
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Figure 6.27: Effect of Ideal Tube Sampling on Normally Consolidated and 
Overconsolidated Reconstituted London Clay. 
6.S IMPLICATIONS FOR SAMPLING PROCEDURES 
The solutions presented by Baligh et al. (1987) and Siddique (1990) for predicting 
the strains imposed on a soil sample by a sample tube, have a number of limitations. 
These limitations include not modelling friction between the sample tube and the 
clay soil, not taking into account the rate of penetration, and not considering any gap 
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Figure 6.28: Relative Effects of Strain Path Excursions on Normally 
Consolidated and Overconsolidated London Clay. 
s' 
between the inside of the sample tube and the clay sample. These limitations are 
mainly a result of modelling the sampling process as a fluid flow problem. Soil, 
however, is not a fluid. These limitations would therefore be more readily overcome 
by using a model that adheres more closely to soil behaviour. At present, however, 
the solutions presented by Baligh, 1985, Baligh et aI., 1987 and Siddique, 1990), 
remain the only rational solutions for predicting the strains imposed on soil samples 
by tube samplers. 
Finite element techniques have been successfully used to predict the axial strain 
history for the centre-line of tube samplers (Siddique, 1990). The solutions presented 
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by Siddique (1990) indicate that the axial strain history is governed by the precise 
geometry of the cutting shoe and sample tube. The axial strain history will therefore 
be different for different types of samplers. The solutions presented by Baligh (1985), 
Baligh et aI. (1987) and Siddique (1990), show that the axial strain history is 
approximately the same for the middle-half of the sample, but with large increases 
in straining in the outer-half of the sample. 
Baligh et al. (1987) applied the ideal sampling idealisation to normally consolidated 
reconstituted Boston clay, and used a strain path excursion of± 1.0%. Siddique (1990) 
applied the ideal sampling idealisation to normally consolidated reconstituted 
London clay, but did not include deviatoric stress relief (perfect sampling). Siddique 
(1990) did, however, investigate the effects of varying the magnitude of the applied 
strain path excursions. Lacasse and Berre (1988) applied the ideal sampling ideali-
sation to normally and overconsolidated (OCR=2.5), natural Drammen clay, but 
used the SHANSEP method of reconsolidation beyond the pre consolidation 
pressure, therefore possibly removing the effects of any natural clay structure on the 
results. In addition Lacasse and Berre used only one value for the strain path 
excursions (±1.0%). Hajj (1990) applied the ideal sampling idealisation to over-
consolidated reconstituted, Kaolin (OCR=4), and used a strain path excursion of 
±1.0% . After the ideal sampling idealisation, Hajj (1990) reconsolidated the 
specimens, which seems to have removed most of the effects of the ideal sampling. 
In this research, the ideal sampling, including deviatoric stress relief (perfect 
sampling), has been successfully applied to very high quality lightly overconsolidated 
natural clay samples (OCR = 1.6), and an overconsolidated reconstituted clay 
(OCR=3.7). In addition, the effects of varying the magnitude of the strain path 
excursions has been investigated. The results obtained by Baligh et al. (1987), Sid-
dique (1990), Hajj (1990), and those results presented here predict trends of changes 
in effective stress, strength and stiffness which are similar to those predicted by actual 
tube sampling (see section 2.5.1). The indications are therefore that the ideal tube 
sampling procedure is a valid idealisation, for predicting the effects of tube sampling, 
on reconstituted normally consolidated Boston Blue clay and London clay, recon-
stituted overconsolidated Kaolin and London clay, and lightly overconsolidated 
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natural Bothkennar clay. The results of ideal sampling on the natural Bothkennar 
clay have indicated the importance of natural clay structure (Leroueil and Vaughan, 
1990), and its influence on behaviour during ideal sampling. 
The undrained strain path excursions associated with ideal sampling on the natural 
Bothkennar clay, has shown the disturbance that occurs due to shear straining. The 
K 0 reconsolidation and undrained compression tests (KRUe reconsolidation tests), 
have shown the disturbance that can occur due to volumetric straining. Both of these 
types of test have shown that the disturbance increases whenever the clay is strained 
beyond yield. Shear straining, and or volumetric straining the clay beyond yield, causes 
a break-down of the clay structure, or destructuring and shrinking of the normalized 
yield surface. This is associated with reductions in stiffness and strength, the 
magnitude of which would be expected to eventually tend towards the condition of 
the clay being in its remoulded state. Destructuring has been observed in natural 
clays by other researchers (Skempton, 1944, Leroueil et al., 1979, Delage and 
Lefebvre, 1984, Tavenas and Leroueil, 1985, Leroueil and Vaughan, 1990 and 
Burland, 1990). In this research, destructuring has been observed to be progressive. 
This progressive destructuring has been observed during volumetric straining while 
the experiments have been conducted (KRUe reconsolidation, Figure 6.14). Pro-
gressive destructuring has also been shown in terms of progressive reductions in 
effective stress, stiffness, strength and the size of the yield surface. 
Volumetric straining will occur during reconsolidation to the in-situ stresses during 
testing. The amount of volumetric straining that will occur during reconsolidation to 
the in-situ stresses, is primarily dependent on the magnitude of the change in effective 
stress that has occurred as a result of the sampling process. For the natural Both-
kennar clay, a reduction in effective stress occurs as a result of either swelling, and 
or desaturation and or shear straining. A sample will swell as a result of stress relief. 
Swelling will occur, if the sample has access to free water either from silt or sand 
laminae, or from drilling fluid. Desaturation is most likely to occur where the sample 
has access to air. For the Laval, sampler the sample is protected from the drilling 
fluid, and probably has limited exposure to air during the period between removal 
from the sample tube and sealing (La Rochelle et aI., 1981) . Swelling and or 
desaturation is therefore most likely to occur when obtaining a block sample (i.e by 
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hand or using the Sherbrooke sampler(Lefebvre and Poulin, 1979)where the sample 
is more likely to be exposed to air and drilling fluid. When using a tube sampler 
however, a reduction in effective stress as a result of shear straining, will occur due 
to the sample tube being pushed into the clay soil. 
The reduction in effective stress due to swelling, and or desaturation, may be large, 
as measured on the Sherbrooke sample (SH3-12B-A) from the laminated facies. 
Therefore the corresponding volumetric straining during reconsolidation to the in-
situ stresses, will also be large. Leroueil and Vaughan (1990) stated that isotropic 
swelling can cause yielding of structure. The swelling pressure required to cause 
yielding of the Bothkennar clay is not known. Therefore the assumption here is that 
the swelling pressure incurred during sampling, is less than the pressure required to 
cause the Bothkennar clay to yield in swelling. Provided the consolidation path during 
reconsolidation to the in-situ stresses is suitably chosen (Baldi et aI., 1988), this also 
should not cause the clay to yield. Therefore a reduction in effective stress and 
consequent volumetric straining when obtaining a block sample, is not expected to 
cause yielding of the clay, and hence minimal disturbance to the structure of the clay 
should be expected. 
A reduction in effective stress due to shear straining, may be smaller than that due 
to swelling, desaturation or cavitation, as measured on the Laval samples. As a 
consequence, the volumetric strain during reconsolidation to the in-situ stresses, is 
likely to be relatively smaller. However, the reduction in effective stress, is a 
consequence of pushing the sample tube into the ground. For the Bothkennar clay, 
any sample tube that imposes an axial strain during the first compressive cycle in 
excess of 0.4%, will begin to cause yielding of the clay. Using this criterion, Table 6.1 
shows that the SGI-50, U100(1) and the UlOO(2) would not be suitable for sampling 
the Bothkennar clay. If 102mm diameter specimens are required for experiments, 
and the criterion are such that the sample tube diameter needs to be twice the 
specimen diameter, Table 6.1 indicates that the LA V AL-200 is in fact the only tube 
sampler suitable for obtaining samples of Bothkennar clay. Even though a tube 
sampler may cause a smaller reduction in effective stress than a block sampler, and 
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hence smaller strains during reconsolidation, the reduction in effective stress is more 
likely to be due to damage to the structure, and hence the specimen is relatively more 
disturbed. 
For reconstituted clays, the use of the ideal tube sampling simulation is expected to 
over-estimate the effects of sampling disturbance on a natural clay. For reconstituted 
London clay, the evidence suggests that ideal sampling causes less disturbance with 
increasing overconsolidation. For overconsolidated reconstituted London clay there 
is very little change in effective stress, stiffness or strength, as a result of ideal tube 
sampling, compared with that for a normally consolidated reconstituted London clay 
(Siddique, 1990, Figure 6.27). This is partly because of the position of the clay in-situ 
relative to the yield surface, and would suggest that tube sampling of overconsolidated 
natural clays would cause little disturbance. However the importance of the 
magnitude of the strain cycle excursions relative to the position of the yield surface 
must still be considered. If when pushing the sample tube into an overconsolidated 
natural clay, yielding occurs at the centre-line of the sample in axial compression or 
extension then the effects are likely to be more detrimental than those reported here. 
Hvorslev (1949), Baligh (1985) and Siddique (1990) have indicated that significant 
shearing occurs in the outer-half of the sample during tube sampling, the magnitude 
of which is much greater than that reported for the centre-line of the sample. This 
shearing is similar to that of simple shear, and for overconsolidated clays could set 
up high pore pressure gradients within the sample. It is possible that these pore 
pressure gradients could control any change in effective stress within the sample, 
rather than any change associated with the shear strains at the centre-line of the 
sample. This is something which requires further research. 
Before a sampling programme is initiated and a particular sampling technique is 
used, it would seem prudent to use existing data in the literature, to attempt to identify 
the approximate yield characteristics of the strata to be sampled. Based solely on an 
approximate value for axial strain to yield or peak strength, it would be possible to 
identify a suitable sampling method. Using Table 6.1, or Figure 2.1 it would be 
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possible to eliminate those sampling tubes that would cause the strata to yield during 
sampling. If no suitable sampler is available, then an alternative would be to design 
a new cutting shoe and sample tube, or to use block sampling techniques. 
6.6 IMPLICATIONS FOR TESTING PROCEDURES 
The measurement of the initial effective stress in the sample has been previously 
postulated as a means of indicating sampling disturbance (Ladd and Lambe, 1963, 
Nooranyand Seed, 1965, Nelson et aI., 1971 and Hight, 1986). Sampling disturbance 
is thought to increase with the measured reductions in mean effective stress. The 
data presented in this thesis suggest that this is only true if the reductions in effective 
stress are due to the same phenomena. A reduction in effective stress due to 
desaturation and cavitation may be large, but with little effect on the clay structure. 
Whereas the same magnitude of reduction in effective stress due to shear straining 
by a sample tube, may have had severe effects on the clay structure. It is therefore 
important to identify the cause of any measured reduction in effective stress before 
assuming that a large measured reduction in effective stress indicates a severely 
disturbed sample. 
The volumetric strains during reconsolidation to the in-situ stresses have also been 
postulated as a means of indicating sampling disturbance (Lacasse and Berre, 1988). 
Sampling disturbance is thought to increase as the volumetric strain during recon-
solidation to the in-situ effective stresses increases. As reconsolidation strains are 
dependent on the reduction in effective stress, it is important to identify the cause 
of the reduction in effective stress before assuming that increasing volumetric strains 
are associated with increased sampling disturbance. 
Volumetric straining has been shown to cause a break-down in the structure of the 
natural Bothkennar clay when the specimen is sheared beyond yield. In the KRUC 
reconsolidation tests, the specimen was deliberately consolidated beyond yield, and 
this caused a shrinking of the normalized yield surface. SHANSEP procedures (Ladd 
and Foott, 1974) also deliberately consolidate the specimen beyond yield in an 
attempt to eliminate the effects of sampling disturbance. For natural clays, which 
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exhibit a shrinking normalized yield surface as a consequence of volumetric straining 
beyond yield, SHANSEP procedures to eliminate the effects of sampling disturbance 
may not be appropriate. 
Small strain stiffnesses are considered to be dependent on the recent stress history 
or orientation ofthe small strain zone (Jardine, 1985, Hight et aI., 1985a and Atkinson 
et aI., 1990). Therefore reconsolidation paths in the triaxial apparatus ideally need 
to follow the same direction as the deposition path in situ. In the triaxial apparatus 
for a normally consolidated clay, this would ideally entail approaching the in-situ 
stress point along the K 0 path. This assumes that the value for K 0 is known. For an 
overconsolidated clay, the reconsolidation path would ideally follow the K 0 con-
solidation and the K 0 swelling path. In doing this, the position of the yield surface 
or preconsolidation pressure needs to be known to prevent yielding of the clay during 
reconsolidation along the K 0 consolidation path. If no detail other than the value of 
the in-situ stresses are known, then reconsolidation will normally entail the combi-
nation of an isotropic reconsolidation stress path combined with a deviatoric stress 
path. The consequence of this for the orientation of the small strain zone needs to 
be considered when measuring the stiffnesses. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS 
The conclusions have been separated into six sections. The six sections present the 
conclusions relating to the following areas: 
1) the literature review; 
2) the analytical and numerical analysis of the simple sampler; 
3) developments of experimental apparatus; 
4) the influence of tube sampling on a lightly overconsolidated natural Bothkennar 
clay; 
5) the influence of tube sampling on an overconsolidated reconstituted London 
clay; and 
6) implications for sampling and testing procedures. 
7.1.1 Conclusions from the Literature Review Relating to the Implementation of this 
Work 
In this section, conclusions which have been made from the review of the literature, 
are presented. The conclusions are those which are specific to the implementation 
of this research. 
Various recommendations for obtaining soil samples have been presented by 
Hvorslev (1949), Idel et al. (1969) and von Soos (1971), with Hvorslev (1949) pres-
enting the most detailed recommendations. The sampling methods currently in use 
however (Broms, 1984), together with the current recommendations for the sampling 
method to be used for different soil types (BS:5930, 1981), are generally, less detailed 
and are vague, compared to those presented by Hvorslev (1949). Current British 
Standard recommendations take no detailed account of different sampling tech-
niques, whereas the literature indicates that sampling disturbance is a complicated 
process and the details of the sampling process are important. 
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The comparative approach of using different sampling techniques on the same soil 
type, and identifying the sampling method which causes the least disturbance, has 
shown that when using tube samplers, the majority of the disturbance is associated 
with pushing the sample tube into the ground. Comparative techniques have indicated 
that the effects of sampling disturbance are related very closely to the collapse in the 
structural features of clay soils. For soft clay soils, sampling disturbance is generally 
associated with a reduction in effective stress, strength, and stiffness. However, the 
Sherbrooke down-borehole block sampler (Lefebvre and Poulin, 1979) and the Laval 
large-diameter tube sampler (La Rochelle et aI., 1981) obtain samples with a quality 
equivalent to hand-cut block samples. For stiff clay soils, the majority of the com-
parative studies have been conducted using rotary non-displacement techniques. 
Rotary techniques, however, can still cause significant disturbance, and so the 
research of tube sampling displacement techniques are still applicable for stiff clay 
soils. Because of the large number of variables, comparative studies of actual sample 
disturbance show no significant trends in identifying individual factors, such as type 
of soil or type of sampler, which control the degree of disturbance. 
The sampling process can be separated into different idealized stages, and can be 
simulated in the laboratory where the effect of each stage can be assessed. The release 
of the in-situ deviatoric stress to zero is termed "perfect sampling" but as an ideali-
sation of the sampling process, under predicts the effects of actual sampling. The 
release of the in-situ total stresses to zero, however, is an important part of the 
sampling process and should ideally be incorporated into any idealisation. 
Baligh (1985) and Baligh et al. (1987) have presented analytical solutions for the 
strains imposed on soil samples by tube samplers, based on the simple sampler. 
However, these solutions may not be relevant to real sample tube geometries (La 
Rochelle et aI., 1987). Siddique (1990) presented numerical finite element solutions 
which indicate that the strains imposed on a sample by tube samplers are dependant 
on the exact geometry of the sample tube and cutting shoe. The validity of Siddique's 
(1990) finite element results are questionable, however, as no bench-marking of the 
solutions were conducted against Baligh's (1985) analytical solutions. The solutions 
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presented by Baligh (1985) and Siddique (1990) model the soil as a fluid, they 
therefore have limitations, such as not considering any friction between the soil and 
the sample tube. 
The "ideal sampling" idealisation combines perfect sampling with tube sampling 
strains (Baligh et al., 1987), and predicts effects of tube sampling which are com-
parable with those obtained using comparative studies of actual tube sampling. The 
ideal sampling idealisation has been applied to normally consolidated reconstituted 
Boston Blue clay by Baligh et al. (1987), where one value for the strain path excursions 
was used (± 1.0%). The ideal tube sampling idealisation has also been applied to 
normally consolidated reconstituted London clay by Siddique (1990), where the 
magnitude of the strain path excursion was varied, but deviatoric stress relief was 
not included. The ideal tube sampling idealisation has been applied to normally and 
overconsolidated (OCR = 2.5), natural Drammen clay by Lacasse and Berre (1988). 
Lacasse and Berre, however, consolidated under K 0 conditions past the pre con-
solidation pressure, therefore possibly removing the effects of any natural clay 
structure on the results. In addition, Lacasse and Berre (1988) used only one value 
for the strain path excursions (± 1.0%), and did not include stress relief in their 
simulation of tube sampling. The ideal tube sampling idealisation has also been 
applied to overconsolidated (OCR = 4) reconstituted Kaolin by Hajj (1990), where 
one value for the strain path excursion was used (±1.0%). Hajj (1990), however, used 
a reconsolidation path after the ideal sampling idealisation which seems to have 
removed the effects of the simulated tube sampling. 
The ideal sampling idealisation has not been implemented on natural soft clay soils, 
where K 0 reconsolidation beyond yield is not used, and the magnitude of the strain 
path excursions is varied. The ideal sampling idealisation has not been implemented 
on overconsolidated reconstituted clays, where the magnitude of the strain path 
excursions is varied. 
7.1.2 Analytical and Numerical AnalYSis of Tube Sampling Strains 
This section presents the conclusions made as a result of the analytical and numerical 
analysis conducted on the simple sampler. 
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The simple sampler solution presented by Baligh (1985), for the strains imposed on 
a sample by a tube sampler, are analytical solutions that required the numerical 
manipulation of numbers. The solution, however, is an analytical one, and therefore 
taken as not being prone to any errors. In contrast, the solutions presented by Siddique 
(1990), for the strains imposed on a sample by tube samplers with different geometries 
are numerical solutions based on finite element techniques and are therefore prone 
to errors. 
In this work, the profile of the simple sampler has been successfully obtained using 
a solution based on Bessel functions. The profile of the simple sampler is unique for 
a specific value of B / t, and from the superposition of a single ring source and a 
uniform flow, the shape of the tip cannot be varied. An analytical solution for the 
vertical axial strain history on the centre-line of the simple sampler has been suc-
cessfully obtained directly from the flow velocity, and this Bessell function solution 
for the axial strain history is comparable with the solutions presented by Baligh (1985) 
and Baligh et al. (1987). The profile of the ring source is symmetrical about the 
x - axis (see Figure 3.2), and the velocity of the ring source tends to zero at large 
values ofz / B, therefore the predicted axial strain history is also symmetrical about 
the x - a xis, and also tends to zero at large values of z / B. 
The profile of the simple sampler has been modelled using finite element techniques 
similar to those used by Siddique (1990). The vertical axial strain history predicted 
by the numerical finite element techniques for the profile of the simple sampler is 
comparable with that obtained from the analytical Bessel functions solution. 
Therefore the indications are that the results presented by Siddique (1990) are valid. 
This implies that the vertical axial strain history imposed on a clay soil sample at the 
centre-line of a tube sampler, is dependant on the exact geometry of the cutting shoe 
and sample tube, and cannot be characterized solely by its B / t ratio. 
The profile of the simple sampler has a rounded tip, and inside clearance with an 
increasing internal radius with height, therefore it is not directly comparable to 
sample tubes used in the field. Siddique (1990) found that the vertical axial strain 
history was not always symmetrical about the x - axis, and did not always tend 
towards zero at large values of z / B. The value of the predicted peak compressive 
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and extensive vertical axial strain for the simple sampler, lie very close to the values 
obtained by Siddique (1990) for flat-ended samplers, and therefore the predictions 
from the simple sampler over-estimate the strains imposed by tube samplers on tube 
samples. Baligh (1985) also analyzed a flat-ended sampler, found that it gave the 
same axial strain history as the simple sampler and concluded incorrectly that the 
detail of the profile of the sampling tube did not matter. 
For a given sample tube and cutting shoe of known dimensions, using the results 
obtained by Siddique (1990), it is possible to predict what value of peak compressive 
and extensive vertical axial strains will be imposed on a soil sample at its centre-line, 
using that particular sample tube and cutting shoe. An alternative use of the results 
obtained by Siddique (1990), is that they could be used to design a cutting shoe and 
sample tube that would minimize the strains imposed an a sample. 
7.1.3 Developments of Experimental Apparatus 
A number of advances in the automated stress path system used at the University of 
Surrey Soil Mechanics laboratory was successfully implemented for this research, 
and are presented in this section. 
A 102mm diameter aluminium extension top cap with high air entry porous ceramic 
and double drainage, was designed and manufactured specifically for this research. 
The pressure controllers used to control, using a computer, the cell, back and axial 
pressures, were re-designed and built specifically for this research. The triaxial 
apparatus hardware and computer software, was re-designed with the facility for 
automation of deformation control as well as stress path control. 
Software was developed to control the experimental stages of measuring the initial 
effective stress and degree of saturation in the specimens of Bothkennar clay. Soft-
ware was also developed to follow all drained stress paths, at a rate of loading which 
was controlled by the pore pressure gradient within the specimen. 
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7.1.4 Investigation of the Influence of Tube Sampling on a Lightly Overconsolidated 
Natural Bothkennar Clay 
This section presents the conclusions obtained from the experimental investigation 
of the influence of tube sampling on the lightly overconsolidated natural Bothkennar 
clay. 
For samples obtained with the Laval sampler, the sampling process caused a 
reduction in effective stress which varied according to the facies type (average losses 
in mean effective stress were: bedded = 17%; mottled = 21%; and laminated = 
26%). The differences in the measured losses in effective stress, are thought to be 
consistent with the ease with which desaturation could occur in each facies type. 
There is no trend of increasing loss in mean effective stress with storage time. 
Undisturbed (CK 0 UC) tests on Laval and Sherbrooke specimens from the laminated 
facies, show that there was a difference in behaviour between the two specimens, 
with the strain to peak strength being 1.4% and 0.9% for the Laval and Sherbrooke 
specimens respectively. This difference in behaviour was either because the Laval 
specimen had suffered more disturbance, or because of the higher volumetric strains 
during reconsolidation to the in-situ stresses of 0.1 % and 1.4%, for the Laval and 
Sherbrooke specimens respectively. 
Ideal tube sampling, with a strain cycle amplitude greater than ±O.5%, caused a 
reduction in effective stress, increased strains during reconsolidation, reductions in 
peak undrained strength and reducing stiffness during undrained triaxial compres-
sion. For a strain cycle amplitude equal to ±O.S%, peak undrained strength during 
the first of the strain cycles was not attained and there was a measured increase in 
stiffness during undrained triaxial compression. The reduction in effective stress due 
to the tube sampling strains increased consistently with the increasing amplitude of 
the strain cycle. 
Increasing reconsolidation strains are associated with increasing shear strains during 
the ideal tube sampling strain path excursions. The majority of the reconsolidation 
volumetric and axial straining, occurred during the anisotropic section of the stress 
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path. For the Laval samples, the magnitude ofthe reductions in mean effective stress 
and reconsolidation strains associated with strain path excursions greater then±0.5 %, 
were significantly larger than those measured as a result of taking the samples from 
the ground, and reconsolidating the specimens to their in-situ stresses. Assuming that 
the measured reductions in mean effective stress, as a result of sampling, were 
controlled principally by the shear strains imposed by the Laval sample tube rather 
than by desaturation, then the Laval tube sampler imposed strains on the Bothkennar 
samples the amplitude of which were equal to or less than±0.5%. 
For a strain cycle amplitude equal to ±O.S%, indications are that the volumetric 
straining and reduction in water content during reconsolidation, controlled the 
increase in stiffness, rather than shear straining, during the strain path excursions. 
Destructuring due to shear straining, however, is thought to control the reduction in 
stiffness, rather than volumetric straining, when the strain cycle amplitude exceeds 
±0.5%. 
For the K 0 reconsolidation undrained compression tests (KRUe), their was a sig-
nificant reduction in the rate of loading, associated with a reduction in the per-
meability of the clay, as the vertical effective stress exceeded the yield stress of the 
clay, and de structuring occurred. For the KRUC tests beyond the yield point, the 
stress-strain plots show a "stick-slip" response, with a series of collapses at constant 
stress, which is associated with a progressive break-down of the clay structure. 
Normalized secant stiffnesses from the Undisturbed tests and the KRUe tests, show 
that the results from the KRUe tests represent a lower bound to the results. The 
magnitude of the normalized stiffnesses following a strain cycle amplitude of±2.0% 
are very similar to the results for the KRUe tests, which indicates that an undrained 
shear strain path excursion of amplitude ±2.0%, and consequent reconsolidation 
(volumetric strain = 0.9-1.2%), produces a reduction in undrained secant stiffness 
almost equivalent to a volumetric straining, through yield, of 6.6-8.8%. 
There was a progressive increase in reduction of undrained peak strength with 
increased strain cycle amplitude. The magnitude of the reduction in strength is small 
(less than 12%) compared to the maximum reduction in effective stress (60%) or 
stiffness (62%). The ideal tube sampling tests indicate that there was a progressive 
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shrinking of the yield surface, associated with progressive destructuring, as a result 
of increased tube sampling shear straining. Assuming an OCR = 1.5, the upper bound 
normalized peak strength obtained from the KRUC tests, would indicate the position 
of a normalized yield surface very near to the position of the yield surface following 
a strain cycle amplitude of ±2.0%. A strain cycle amplitude of ±0.5% caused very 
little change in the shape of the yield surface, and this is attributed to the specimen 
not being sheared much beyond the yield strain of 0.4%, during the initial compressive 
stage of the strain path excursions. The magnitude of the initial peak extensive stage 
of the strain path excursions is important, relative to the position of the yield surface 
in triaxial extension. 
7.1.5 Investigation of the Influence of Tube Sampling on an Overconsolidated 
Reconstituted London Clay 
This section presents the conclusions obtained from the experimental investigation 
ofthe influence oftube sampling on the overconsolidated (OCR = 3.7), reconstituted 
London clay. 
Strain path excursions of amplitude±0.5% and±2.0%, together with deviatoric stress 
relief, caused less than an 8% increase in the mean effective stress, with the majority 
of the change occurring as a result of stress relief. Hajj (1990) reported that ideal 
tube sampling on overconsolidated Kaolin (OCR = 4) caused a 11 % reduction in 
mean effective stress, which differs to that reported here. However, in both instances 
the effects are small. 
Strain path excursions of±O.5% and±2.0% caused a similar reduction in normalized 
secant stiffness during undrained compression, at 0.1 % axial strain, equal to 25%. 
Hajj (1990), however, reports an increase in undrained secant stiffness, but this can 
be attributed to the reduction in water content as a result of a reconsolidation path 
applied after the ideal tube sampling. 
The shape of the effective stress path for the initial compressive phase of the strain 
path excursion of ±0.5%, is very similar to the stress path following the ideal tube 
sampling, indicating that the strain path excursion has caused little disturbance to 
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the clay specimen. A strain cycle excursion of ±2.0%, caused a 6% reduction in the 
measured peak deviatoric stress, and a 56% increase in the measured axial strain at 
peak strength, indicating that disturbance has occurred. Hajj (1990) reported a 16% 
increase in the peak deviator stress following a strain path excursion of ± 1.0%, and 
deviatoric stress relief. However this is attributed to the reduction in water content 
as a result of the reconsolidation path that he used after the ideal tube sampling. 
Progressive destructuring and the corresponding shrinking yield surface is not 
applicable to the reconstituted London clay, as it is not considered to have any sig-
nificant structural features. All stages of the ideal tube sampling were conducted 
undrained, and therefore effects on behaviour are associated with changes in effective 
stress rather than structure. 
Comparing the results obtained on overconsolidated London clay, with those 
obtained by Siddique (1990) for normally consolidated London clay, indicates that 
the effects of ideal tube sampling on reconstituted London clay is more detrimental 
when the clay is normally consolidated. For reconstituted London clay with an OCR 
= 3.7, ideal tube sampling using strain path excursions up to±2.0% has comparatively 
little effect compared to the same clay normally consolidated. 
7.1.6 Implications for Sampling and Testing Procedures 
This section presents the conclusions which relate to the implications of this work 
for sampling and testing procedures. 
Ideal tube sampling has predicted trends of changes in effective stress strength and 
stiffness, which are similar to those produced by actual tube sampling, therefore the 
indications are that the ideal sampling procedure is a valid simulation for predicting 
the effects of tube sampling on natural Bothkennar clay and reconstituted London 
clay. The results of ideal sampling on the natural Bothkennar clay have indicated the 
importance of natural clay structure, and its influence on behaviour during ideal 
sampling. 
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The application of ideal sampling, undrained shear strains, and KRUC reconsoli-
dation volumetric strains to the Bothkennar clay, have shown that disturbance 
increases whenever the clay is strained beyond yield. Shear straining, and or 
volumetric straining the clay beyond yield, causes a progressive shrinking of the 
normalized yield surface associated with progressive destructuring. 
The magnitude of the reduction in effective stress due to swelling or desaturation 
may be large in a block sample, and hence the volumetric strain to the in-situ stresses 
may be large. However, this is not expected to cause yielding of the clay, and hence 
minimal disturbance to the structure of the clay. The magnitude of the reduction in 
effective stress due to shear straining may be small when using a tube sampler, and 
hence the volumetric strain to the in-situ stresses may be small. However, the shear 
strains are more likely to have caused yielding of the clay soil, and so the specimen 
is relatively more disturbed. The measurement of the initial effective stress, and/or 
the volumetric strains during reconsolidation to the in-situ stresses, can only be used 
as a means of identifying levels of disturbance if the reason for the loss of effective 
stress is known, whether it is due to swelling and/or desaturation, and/or cavitation 
or due to shear straining. 
Before a sampling programme is initiated, using existing data in the literature to 
obtain an approximate value for strain to peak strength or yield for the strata to be 
sampled, together with the numerical results obtained by Siddique (1990), it would 
be possible to identify a tube sampler that would not impose strains on the soil that 
would cause yielding. If no suitable tube sampler could be identified, then the 
alternatives would be to use the numerical results obtained by Siddique (1990) to 
re-design a sample tube and cutting shoe, or to use block sampling techniques. 
The KRUC reconsolidation tests on the natural Bothkennar clay have shown that 
the reconsolidation beyond yield, together with taking into account overconsolida-
tion, causes un-recoverable destructuring, and so SHANSEP (Ladd and Foott, 1974) 
techniques to eliminate sample disturbance are not appropriate for the natural 
Bothkennar clay. When using reconsolidation stress paths, on natural clays soils which 
ensure the correct position of the small strain zone for measuring stiffnesses, it is 
important to prevent yielding of the clay. 
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7.2 RECOMMENDATIONS FOR FURTHER STUDY 
The following points are presented as possible topics for further study. 
Numerical models which consider rate of penetration, friction between the soil, and 
sample tube, and simulate soil behaviour more closely, could be used to investigate 
further the predicted strains imposed by sample tubes on clay soils. 
The indications are that tube sampling sets up high shear strains in the outer-half of 
samples. The pore pressure gradients associated with these simple shear strains may 
control any change in effective stress within clay soil samples, rather than any change 
associated with shear strains at the sample centre-line, or stress relief. 
Total stress relief and any associated desaturation, cavitation and swelling are 
important aspects of the sampling process which need to be investigated, especially 
with respect to their possible effect on yield. Total stress relief therefore ideally needs 
to be incorporated more fully into the ideal tube sampling idealisation. 
The ideal sampling idealisation has not been investigated for natural overconsoli-
dated clay soils. 
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APPENDIX A 
LISTING OF COMPUTER PROGRAM FOR GENERATING 
STREAM FUNCTIONS FOR SIMPLE SAMPLER 
223 
C 
C 
C 
C 
C 
C 
C 
BESS2 
THIS PROGRAM GENARATES STREAM FUNCTIONS FOR THE 
SIMPLE SAMPLER USING BESSEL FUNCTIONS 
DOUBLE PRECISION BES(3, 1 ),AREA(3, I) 
DOUBLE PRECISION V AL,R,Z,SM,Sl,S2,S3,X,ER 
* ,DAT,YO,Yl,ERR 
DOUBLE PRECISION VEL,SFUNA,SFUNB,U,XO,Xl,B 
REAL S17AEF,SI7AFF 
INTEGER IF AIL 
IFAIL=O 
PRINT* ,'ENTER MIN VALUE OF Z' 
READ*,SM 
PRINT* ,'ENTER MAX VALUE OF Z' 
READ*,S 
PRINT* ,'ENTER RADIUS OF SOURCE' 
READ*,B 
PRINT* ,'ENTER MIN VALUE OF RADIUS' 
READ*,Tl 
PRINT* ,'ENTER MAX VALUE OF RADIUS' 
READ*,n 
PRINT * ,'ENTER STEP FOR X' 
READ*,SI 
PRINT*,'ENTER STEP FOR Z' 
READ*,S2 
PRINT* ,'ENTER STEP FOR R' 
READ*,S3 
PRINT* ,'ENTER UNIFORM VEWCITY' 
READ*,U 
PRINT '(A,FlO.3)','STEP FOR X=',Sl 
224 
DO 100 Z=SM,S,S2 
PRINT '(A,FlO.3)','Z=',Z 
PRINT*,' RADIUS X INTEGRAL VEL 
c 
C 
* SFN(Z+) SFN(Z-)' 
DO 90 R=Tl,T2,S3 
VAL = 0 
J=l 
ERR=l 
x=o 
BES(l,l)=O 
AREA(2, 1 ) = 1000 
10 IF(ABS(ERR).GT.1.0E-7) GOTO 20 
IF(ABS(ERR).LE.1.0E-7) GOTO 85 
C 
20 X=X+Sl 
XO=X*B 
Xl=X*R 
c 
c VALUE OF BESSEL FUNCfIONS FROM NAG LIBRARY 
C 
c 
YO = S 17 AEF(XO,IF AIL) 
Yl = S 17 AFF(Xl,IF AIL) 
ER=-(X*Z) 
ER=EXP(ER) 
DAT=ER *YO*Y1 
BES(J + 1,1)=DAT 
IF(J.EQ.2) GOTO 50 
IF(J.NE.2) GOTO 60 
50 J=O 
V AL= V AL+ «Sl *(BES(l,l) + 4*BES(2,1) + BES(3,1»/3» 
AREA(l,l) = VAL 
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C 
ERR = (ABS( AREA( 1, 1) )-( ABS(AREA(2, 1»» 
BES(I,I) =BES(3,1) 
AREA(3,1)=AREA(I,I) 
AREA(2, 1) = AREA(1, 1) 
60 J=J+ 1 
GOTO 10 
C 
85 VEL=U*(R**2)/2 
C 
C 
AREA(3,1) =2*4* ATAN(l.O)*R *B* AREA(3,1) 
IF(R.LE.B) GOTO 86 
IF(R.GT.B) GOTO 87 
86 SFUNA=AREA(3,1) + VEL 
GOT088 
87 SFUNA =AREA(3, 1)-(4*4* ATAN(l.O)*B)+ VEL 
88 SFUNB =-AREA(3,1) + VEL 
C 
PRINT'(FIO.5,FI0.5,FlO.5,FIO.5,FI0.5,FI0.5), 
* ,R,X,AREA(3, 1), VEL,SFUNA,SFUNB 
AREA( 1, 1) = 1000 
90 CONTINUE 
100 CONTINUE 
END 
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APPENDIXB 
SCHEMATIC DETAILS OF EXTENSION TOP CAP 
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Ballbearing with /"0-----
1/4" B.S.F screw 
r7---,----,,---Aluminium extension cap 
Aluminium top cop 4" Dia. 
2* Drainage outlet 
GENERAL: LAYOUT 
Epoxy resin seal 
High air entry ceramic disc 
(100 I<-Pa) 
4* Holding down screws 
TOP VIEW (No hidden detail) 
Radial grooves, 1/16" wide * 1 /16" deep 
at .30 degrees spacing 
=-=~--+--+--Drainage outlet *2 
Annular grooves, 1/16" wide * 1 / 16" deep 
at 1" and 2" Dio. 
BOTTOM VIEW (~xcluding ceramic 
: 
and hidd~n detail) 
I 
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APPENDIXC 
DETAILS OF PRESSURE CONTROLLERS 
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+12v U.C 
123 
\-"'---} 
5rnrn Low Curren1 L.E.D. 
~ f """ ,,,' 
I 
Step 
Oarlingto'l Driver 
(RS 303-422) 
GPIO .1- 12v 0 C Power Supply (RS 592-076) 
0.2" High Intensity LLD 
(RS 587-838 Green) 
Reset 
o 
o 
+12vD.C 
0.1 F 
Stepper Motor 
Stepper Motor 
Driver SAA 1027 
(RS 300-427) 
L-_-+-+~RS~332;953~ 
L-___ -+_+_ 2 3 - 1 1- 4 
'-------f-+ [ 2 - - 1 1 
o 
250V A C. Amber Neon Light (RS 576-614) 
Stepper Motor Control. 
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I 
"" • • • 12k 10 11 24V ~ ~ • D.C . 6 Relay 7 ~ 
rtv ; ( ~~ . 24V D.C. J 4 Power I 10k Supply 24V D.C. 
Amber 
'---
t L.- \ 24V 
D.C. ~ 
Solenoid 
~ 1 ~ ) T -
-
-
24V Lr---l 
D.C 
Solenoid 
Red l "" 1 -
) T 
J ~ 
GPIO 
~ 
• • • 12k I ./,-/ 11 24V ~ H=J 10 • DC. 
'----
6 Relay 7 5 
--.. ~L ~: (("'"2 
( I I 10k 
Bellofram Rolling Diaphragm Air Actuator Control. 
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APPENDIXD 
BASIC ALGORlmM FOR CONTROLLING COMPRESSION 
MACHINE 
232 
10 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
20 REM THIS PROGRAM CONTROLS THE CLASSIC TRIAXIAL 
30 REM COMPRESSION MACHINE 
40 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
50 REM *** CONTROL COMMANDS *** 
60 CONTROL 10,3 ; 15 
70 CONTROL 10,4 ; 30 
80 REM *** KEY LABELS *** 
90 ON KEY£ 1,''UP'' GOSUB 200 
100 ON KEY£ 2,"DOWN" GOSUB 300 
110 ON KEY£ 3,"STOP" GOSUB 400 
120 ON KEY£ 4,"END" GOSUB 500 
130 KEY LABEL 
140 GOTO 130 
200 REM *** PLATEN UP *** 
210 OUTPUT 10 USING"£ ,K"; CHR$ (15) 
220 OUTPUT 10 USING "£ ,K" ; CHR$ (0) 
230 OUTPUT 10 USING "£ ,K" ; CHR$ (6) 
240 OUTPUT 10 USING "£ ,K" ; CHR$ (5) 
250 OUTPUT 10 USING"£ ,K"; CHR$ (14) 
260 GOTO 140 
300 REM *** PLATEN DOWN *** 
310 OUTPUT 10 USING "£ ,K"; CHR$ (15) 
320 OUTPUT 10 USING "£ ,K" ; CHR$ (0) 
330 OUTPUT 10 USING"£ ,K"; CHR$ (6) 
340 OUTPUT 10 USING "£ ,K" ; CHR$ (5) 
350 OUTPUT 10 USING "£ ,K" ; CHR$ (12) 
360 GOTO 140 
400 REM *** STOP PLATEN *** 
410 OUTPUT 10 USING"£ ,K"; CHR$ (13) 
420 GOTO 140 
500 REM *** END PROGRAM *** 
510 END 
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APPENDIXE 
SUPPLEMENTARY RESULTS FROM TESTS ON LIGHTLY 
OVERCONSOLIDATED NATURAL BOTHKENNAR CLAY 
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APPENDIXF 
SUPPLEMENTARY RESULTS FROM TESTS ON 
OVERCONSOLIDATED RECONSTITUTED LONDON CLAY 
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